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1. Introduction 
1.1 Adhesion properties of insects 
The tarsi of many insects show adhesive organs, which enable these insects to climb 
vertical walls and to walk upside down on ceilings (Scholz et al. 2008). According to a 
survey over adhesion forces of several insects compiled by Federle et al. (2000), insects 
can perform adhesion forces of up to 146 times of their own body weight. Although 
adhesive organs enable insects to develop high adhesion forces insects can somehow 
quickly detach their adhesive organs during locomotion. These impressive abilities 
insects can perform on substrates showing various surface microstructures (Gorb 
2008). 
1.2 Functional principles of adhesive organs 
At the present time the well-established theory of how adhesive organs adhere to 
substrates assumes van der Waals forces as one of the mayor forces (Autumn et al. 2002, 
Persson 2003, Gorb 2008). Van der Waals forces are formed between molecules and are 
highest at a distance between the molecules of about 0.4 nm (Gutowski 1991). With 
increasing distance the forces reduce with the power of six (Hamaker 1937). Therefore, 
adhesive organs have to approach to the substrate extremely close to form a presumably 
large area of “direct” contact (Persson 2007).  
Beside van der Waals forces also capillary forces play a role for the adhesion of 
adhesive organs (Langer et al. 2004, Dirks and Federle 2011b). These capillary forces 
are mediated by adhesive fluids, which are released from the adhesive organs (Dirks and 
Federle 2011b). There are evidences that all adhesive organs, also those of spiders, 
mites and further arachnids (Peattie et al. 2011) and even the adhesive organs of geckos 
(Hsu et al. 2011), are covered with a fluid film. The importance of the adhesive fluid was 
shown for the adhesive organs of Aphis fabae and Rhodnius prolixus, which showed 
poorer attachment forces after treatments with solvents or silica gel (Edwards and 
Tarkanian 1970, Dixon et al. 1990). The adhesive fluid seems to improve adhesion only 
on rough surfaces (Drechsler and Federle 2006) and the capillary adhesion is stronger 
when the fluid layer between the adhesive organs and the substrate is thinner 
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(Drechsler and Federle 2006, Gorb 2008). Beside mediating capillary forces, adhesive 
fluids might also optimise the contact between adhesive organs and rough substrates by 
filling out nano-scale asperities of the substrate (Gorb 2008). The covering of the nano-
scale roughness and the associated optimisation of the contact formation might even be 
more important than the capillary interactions (Gorb 2008).  
1.3 Morphology and ultrastructure of adhesive organs 
Adhesive organs have been classified into ‘‘smooth’’ and “hairy” adhesive organs (Beutel 
and Gorb 2001). The stick insect Carausius morosus shows both kinds of adhesive organs 
(Bennemann et al. 2011). On its pretarsi smooth adhesive organs, the so called arolia, 
are located and the first four tarsal segments show pairs of hairy adhesive organs, the so 
called euplantulae (Gorb 2001). The cuticula of the smooth adhesive organs of C. 
morosus shows a complex layered structure composed of the outermost epicuticula, the 
fibrous procuticula, the subjacent endocuticula and the epidermis, which delimits the 
cuticula to the haemolymph (Scholz et al. 2008, Bennemann et al. 2011, Bennemann et 
al. 2014). The fibres within the procuticula are neither orientated parallel nor 
perpendicular to the surface, but they are oriented in an angle to it and branch into finer 
fibres near the surface (Scholz et al. 2008, Bennemann et al. 2011). This kind of 
structure of the cuticula seems to enable smooth adhesive organs to conform very 
closely to substrates showing micro- and macroroughnesses (Gorb et al. 2000). The 
arolium of C. morosus belongs to the non-foldable type of arolia (Scholz 2009), which 
shows no complicated micromechanics as, for example, the arolia of ants, which are 
unfolded and folded back in each step (Federle et al. 2001). This more simple 
morphology of the adhesive organs of C. morosus makes them to an interesting model for 
the fabrication of artificial adhesion devices. Although the general morphology and 
ultrastructure of the adhesive organs of C. morosus are revealed, for the fabrication of 
artificial adhesion devices along the lines of the adhesive organs of C. morosus more 
detailed insights into the ultrastructure of these adhesive organs are needed.  
1.4 Attachment force measurements 
The attachment forces of many insects have already been measured (Lees and Hardie 
1988, Dixon et al. 1990, Federle et al. 2000). Also the attachment forces of stick insects 
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have already been measured by Drechsler (2008) and Scholz et al. (2008). However, 
Scholz and colleagues only measured the attachment forces of stick insects including the 
friction forces between the adhesive organs and the substrate and Drechsler performed 
only adhesion and friction force measurements on a smooth and each one rough surface 
for comparison. Further attachment force measurements are necessary to determine the 
adhesion and friction forces of stick insects on several different rough substrates.  
1.5 Material properties of adhesive organs and adhesion 
devices 
To transfer the functionality of adhesive organs into technical devices it is important to 
know the mechanical properties of the materials of which adhesive organs are 
composed. Until now, only from a few materials in adhesive organs the mechanical 
properties are known (Peattie et al. 2007, Bullock and Federle 2009). In previous 
studies analyses of the mechanical properties of smooth adhesive organs were 
performed using indentation tests (Gorb et al. 2000, Perez Goodwyn et al. 2006, Scholz 
et al. 2008). But indentation tests of layered structures exhibit the disadvantage that 
subjacent layers, and in case of adhesive organs also their hydroflation, have an impact 
on the measurement of superficial layers. This means that in indentation tests only the 
effective Young´s modulus of several layers of the adhesive organs can be measured 
(Bennemann et al. 2015), but not the Young´s moduli of the materials of which the 
adhesive organs are composed.  
For the fabrication of artificial adhesion devices especially the Young´s modulus of the 
outermost layer of the arolium, meaning the epicuticula, is of interest, because this 
membrane contacts the substrate and mediates the adhesion. The contents of this 
chapter were already published in Bennemann et al. (2014). 
1.6 Further open questions concerning adhesive organs 
Although the basic functional principles of adhesive organs seem to be resolved there 
are many open questions left, which might be beneficial to be investigated. For example, 
it is desirable to be able to detach adhesion devices from the substrate with preferable 
low pulling force. It is imaginable that the mechanisms with which smooth adhesive 
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organs are detached from the substrate could also be used to detach artificial adhesion 
devices in an effortless way.  
Furthermore, a comparison of the adhesion forces of adhesive organs and artificial 
adhesion devices is preferable. For this comparison the contact areas of the adhesive 
organs and the artificial adhesion devices to the substrate have to be determined.  
1.7 State of the art of artificial adhesion devices and their 
disadvantages 
The state of the art encompasses at least four types of artificial adhesion devices 
functioning in different ways. The functionality of the first type of adhesion devices is 
based on a glue layer on their surfaces as true for double-sided adhesive tapes, for 
example. The main disadvantage of these adhesion devices is the susceptibility of their 
glue layer for contamination and their thereby associated limited reusability. A further 
disadvantage is that some of these adhesion devices leave glue residues on the substrate 
behind.  
The adhesion devices belonging to the second type consist of thick layers of sticky 
elastic materials (for example: www.haftpad.com, tesa Powerstrips®). The detachment 
of this type of adhesion devices is mostly complicated and some of these devices are not 
reusable. These adhesion devices are additionally susceptible for contamination.  
The third type of adhesion devices is defined by hairy structures on their adhesive 
surface (for example: Gecko® Nanoplast®). In some of these devices the hairy 
structures partly adhere at each other after a first detachment, whereby the adhesion 
devices show lower adhesion forces when used again (Glassmaker et al. 2004). 
Furthermore, during detachment high forces may act on single hairy structures at the 
peel edge, thus single hairs might easily be damaged, which would also decrease the 
adhesion force and the reusability of these adhesion devices. If the hairy structures are 
not self-cleaning they are also susceptible for contamination and it might be very 
complicated to clean hairy adhesion devices. In some adhesion devices of the third type 
the hairy structures are made of materials showing very high Young´s moduli (Ge et al. 
2007), which might decrease their ability to conform to rough substrates. Additionally, a 
high contact pressure is required to initiate the adhesion (Ge et al. 2007) or it might be 
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necessary to make contact by unrolling these devices form one edge to the opposite edge 
to achieve good contact to the substrate.  
The fourth type of adhesion devices is defined by columnar structures, which are 
connected and terminated through a membrane (Glassmaker et al. 2007, Li et al. 2011). 
This type of adhesion devices shows several advantages: No glue layer is required, the 
hairy structures cannot ravel, the forces in the adhesion devices occurring during 
loading are presumably distributed over a larger area by the connection of the columnar 
structures by the membrane and the cleaning of these adhesion devices might be much 
easier as the cleaning of hairy adhesion devices. But there are only a few adhesion 
devices belonging to this type and these devices show striking disadvantages: The 
columns of the adhesion device presented in Glassmaker et al. (2007) have a low length 
to diameter ratio, which presumably makes the columns relatively stiff and which 
presumably prevents a close conformation to rough substrates. The adhesion device 
presented by Li et al. (2011) requires a fluid layer between the adhesion device and the 
substrate. In most application areas fluids mediating the adhesion are undesired.  
In summary, all existing adhesion devices exhibit fundamental disadvantages, which 
limit their reusability or their applicability. But there is a need for adhesion devices 
which are often reusable, which do not leave residues behind and which are resistant 
against contamination, or at least can easily be cleaned. Such reusable adhesion devices 
could be valuable in many applications areas as in the industrial manufacturing for 
grabbing, fixation and the transport of work pieces, in climbing robots and even in 
private households as reusable double-sided adhesive tape. Therefore, it has to be 
investigated how to avoid the disadvantages of the adhesion devices available at the 
moment.  
The classification into different working adhesion devices was made by the author 
and the stated disadvantages without reference are personal experience or assumptions 
of the author. 
1.8 Adhesive organs as models for artificial adhesion devices 
The adhesion performance of arthropods and vertebrates had aroused high interest by 
biologists and engineers trying to create artificial reusable adhesion devices (Gorb et al. 
2007a, Gorb et al. 2007b, Glassmaker et al. 2007, Röhrig et al. 2012) (see also 
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Bennemann et al. 2014). Adhesion devices belonging to the last two types of adhesion 
devices (see chapter 1.7) are usually modelled on natural adhesive organs. Especially 
hairy adhesive organs were often used as models to fabricate artificial hairy adhesion 
devices. Kamperman et al. (2010) compiled a survey over different hairy adhesion 
devices and confronted the different techniques used to fabricate these devices. But 
there are only a few smooth artificial adhesion devices build along the lines of smooth 
adhesive organs, although this kind of adhesion devices might show some advantages 
over hairy adhesion devices (see chapter 1.7).  
1.9 Objectives of this thesis 
The overall aim of this thesis is to reveal functional principles of the adhesive organs of 
the stick insect C. morosus that are responsible for their adhesive properties and to 
fabricate artificial adhesion devices along the lines of the adhesive organs of the stick 
insect C. morosus. To reach this aim this thesis is divided into the following sections:  
 
- Investigation of the detailed morphology, anatomy and ultrastructure of the 
adhesive organs of C. morosus.  
- Measurement of the attachment and the adhesion forces of stick insects.  
- Development of a new method to determine the Young´s modulus of the 
epicuticula of the arolium in which less impact is performed on layers subjacent 
to the epicuticula than present in indentation tests.  
- Analysis of the mechanisms with which stick insects detach their adhesive organs 
from the substrate. 
- Analysis of the contact area of arolia of stick insects to the substrate.  
- Finding appropriate materials for the fabrication of adhesion devices by 
measuring their adhesion forces. 
- Fabrication of adhesion devices based on the found functional principals of the 
adhesive organs of stick insects.  
- Analysis of the strains and stresses occurring in the adhesion devices during 
loading by finite element simulations. 
- Validation of the adhesion devices concerning their adhesion properties. 
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- Designing a construction plan for adhesion devices whilst taking into account all 
achieved results.  
1.10 Contributions 
Parts of this thesis were already published in Bennemann et al. (2011), Bennemann et al. 
(2014) and Bennemann et al. (2015). To the publication Bennemann et al. (2011) my 
contribution amounts 75% and to the publications Bennemann et al. (2014 and 2015) 
my contribution amounts 80%. This thesis also contains data, which were compiled 
during the project work of Balázs Héjj (Héjj 2011) and the bachelor thesis of Stefan 
Backhaus (Backhaus 2013), which I supervised during my thesis. Which analyses were 
carried out by Balázs Héjj and Stefan Backhaus is denoted in the materials and methods 
and the result chapter. Further, some data of this thesis were compiled in cooperations. 
These include the analyses concerning the ultrastructure of the arolium using FIB and 
µCT (see chapter 3.1) and the analysis concerning the detachment method of adhesive 
organs (see chapter 3.6).  
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2. Materials	and	Methods	
2.1 Study	animals	
Stick insects (Carausius morosus Sinéty, Phasmatidae) of different body weight and 
length were taken from the laboratory colony at the RWTH Aachen University, Institute 
for Biology II, working group Cellular Neurobionics. The morphological and anatomical 
analyses were carried out with adult stick insects with weights of about 565 mg and 
lengths of about 69 mm and the attachment forces of stick insects were measured using 
juvenile stick insects (18.1 mg ± 4.2 mg, 22.3 mm ± 1.0 mm, n=50, Table 8.17; mean ± 
standard deviation, number, table with raw data). The determination of the Young´s 
modulus of the arolium cuticula was performed using juvenile stick insects (14.8 mg ± 
5.2 mg, 25 mm ± 3 mm, n=10, Table 8.29), too. The analysis of the contact areas of arolia 
to a substrate was performed using stick insects of different weight and size (2.3.2 
Contact area imaging of arolia by epi-microscopy). 
2.2 Imaging	Techniques	
Parts of the materials and methods illustrated in the chapters 2.2.1 to 2.2.5 were already 
published in Bennemann et al. (2011).  And parts of the chapters 2.2.1, 2.2.2, 2.2.4 and 
2.2.6 were already published in Bennemann et al. (2014).  
2.2.1 Embedding		
For several imaging techniques it was necessary to imbed tarsi of stick insects into 
epoxy resin. Therefor adult stick insects (n=2) were anaesthetised with CO2 and were 
decapitated. The tarsi of all six legs were cut off and were fixated in 0.5% glutaraldehyde 
(Merck, Darmstadt, Germany) and 2% formaldehyde (Merck, Darmstadt, Germany) in 
phosphate buffered saline (PBS, AppliChem, Darmstadt, Germany) at room temperature 
for 24 h. The samples were postfixed for 1 h in 1% osmium tetroxide (Sigma-Aldrich, St. 
Louis, MO, USA) in PBS and thereafter washed in distilled water (3 times for 15 min). 
The tarsi were dehydrated in an increasing ethanol series (30, 50, 70% each step for 15 
min) and were subsequently stained for 1 h in 2% uranyl acetate solution (Merck, 
Darmstadt, Germany) in 70% ethanol (Carl Roth, Karlsruhe, Germany) in a dark 
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environment. Subsequently, the samples were further dehydrated in ethanol: 70 (3x), 
80, 90, 96 and 100% (2x), each step for 15 min, were washed two times for 30 min in 
propylene oxide (Serva, Heidelberg, Germany) and were transferred in a mixture of 
propylene oxide and epoxy resin (Epon, Serva, Heidelberg, Germany) (1:1) from which 
the propylene oxide evaporated overnight. After washing in Epon (two times for 2 h) the 
samples were embedded in Epon in an embedding mould and the Epon was polymerised 
for 48 h at 60°C (see also Bennemann et al. 2011, Bennemann et al. 2014). 
2.2.2 Light	microscopy	
Light microscopic investigations were carried out to analyse the overall inner design of 
the adhesive organs and to analyse the layered structure of the cuticula of the adhesive 
organs at their adhesive regions. For light microscopy embedded tarsi (2.2.1 
Embedding) were used. From embedded arolia semi-thin sections of 1 µm thickness 
were cut longitudinally along the symmetrical plane of the tarsus with a Reichert OmU3 
ultramicrotome (Reichert GmbH, Wien, Austria) using glass knifes. Embedded 
euplantulae were cut transversally though the tarsus. The sections were attached to 
cover slips, were stained with methylene blue (Riedel-de Haën, Seelze, Germany) for 30 
seconds and were washed with distilled water. Finally, the sections were dried on a heat 
plate and were mounted with Depex (Serva, Heidelberg, Germany) on glass slides. 
Images were taken with a Motic BA 400 microscope (Motic Deutschland GmbH, Wetzlar, 
Germany) using a Moticam 3 and the Motic Images Plus 2.0 software in magnifications of 
400x and 1000x in a 2048 x 1536 pixel format (see also Bennemann et al. 2011, 
Bennemann et al. 2014).  
2.2.3 Confocal	laser	scanning	microscopy	(CLSM)		
Confocal laser scanning microscopy served to analyse longitudinal sections of the 
adhesive organs of a higher thickness. Therefor embedded tarsi (2.2.1 Embedding) were 
cut into about 10-15 µm thick sections with a Reichert OmU3 ultramicrotome (Reichert 
GmbH, Wien, Austria) using glass knifes, were attached to cover slips and were mounted 
with Depex (Serva, Heidelberg, Germany).  
Additionally, an adult stick insect was stunned with CO2, decapitated and all six tarsi 
were cut off. The tarsi were fixed in 4% paraformaldehyde (Merck, Darmstadt, 
Germany) in 0.1 M PBS (AppliChem, Darmstadt, Germany) for 24 h at room temperature 
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and were embedded in gelatine-albumin medium (gelatine: Sigma-Aldrich, St. Louis, MO, 
USA; albumin: Fluka, Buchs, Switzerland). The gelatine-albumin blocks were hardened 
in 10% formalin (AppliChem, Darmstadt, Germany) in PBS for 16-18 h at 8°C. 
Subsequently, the tarsi were cut longitudinally into of 80-90 µm thick sections parallel 
to their symmetrical planes using a vibratome (Leica VT1000S, Leica Instruments GmbH, 
Nußloch, Germany). The sections were mounted on chrome alum-gelatine coated glass 
slides (chromium(III)potassium sulfate: Merck, Darmstadt, Germany) under glass cover 
slips by Elvanol mounting medium (mounting medium for fluorescent staining after 
Rodriguez and Deinhardt (1960)). Observations were made with a confocal 
laserscanning microscope (Leica TCS SP2, Leica Microsystems, Wetzlar, Germany) using 
two lasers for excitation at 405 nm and 543 nm wavelength. Serial optical sections of 
different thicknesses were generated using a 63x objective (glycerine). The images were 
taken in a 2024 x 2024 or 4048 x 4048 pixel format. Finally, the images taken at 405 nm 
and 543 nm were combined using the LCS Software (Leica Confocal Software, Leica 
Microsystems Heidelberg GmbH, Mannheim, Germany) (see also Bennemann et al. 
2011). 
2.2.4 Scanning	electron	microscopy	(SEM)		
Scanning electron microscopy was used to analyse the morphology and anatomy of the 
adhesive organs of Carausius morosus, to evaluate electro-spun fibres (2.4.6 
Electrospinning) and replicas (2.3.6 Replication of surface microstructures) and to 
analyse surface microstructures on technical materials.  
To analyse the adhesive organs of C. morosus adult stick insects (n=2) were shock 
frozen in liquid nitrogen while their arolia had contact to a substrate. The tarsi were cut 
off and for anatomical analyses the half of the tarsi were fractured using a razor blade 
while immersed in liquid nitrogen. Subsequently, the samples were transferred into         
-80°C cold ethanol (Carl Roth, Karlsruhe, Germany) containing 0.5% glutaraldehyde (GA, 
Merck, Darmstadt, Germany) and were stored at -80°C for 48 h. Then, GA concentration 
was gradually increased: 1.5% GA for 48 h, 3% GA for 48 h. Subsequently, the samples 
were washed in pure ethanol three times for 30 min and were dried with a critical point 
dryer (Balzers CPD 030; Balzers Union Aktiengesellschaft, Lichtenstein, Germany). An 
alternatively way for drying was to transfer the samples gradually into 
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hexamethyldisilazane (HMDS, Merck, Darmstadt, Germany): 30, 50, 70, 100% (2x), each 
step for at least 1 h and finally letting the HMDS evaporate overnight. The fixation at        
-80° was carried out to fixate the arolium in the condition in which it had contact to a 
substrate.  
Additionally, arolia not contacting a substrate were prepared for SEM analysis. 
Therefor adult stick insects (n=2) were anaesthetised with CO2 and were decapitated. 
The tarsi were cut off and were dehydrogenated with ethanol: 30, 50, 70, 90, 100% (2x) 
each step for 15 min. Finally, the tarsi were critical point dried.  
For additional anatomical analyses semi-thin sections (1 µm) with epoxy resin etched 
off were prepared. Therefor an in Epon embedded tarsus (2.2.1 Embedding) were 
sectioned longitudinally at the symmetrical plane of the tarsus with a Reichert OmU3 
ultramicrotome (Reichert GmbH, Wien, Austria) using glass knifes. The sections were 
picked up on cover slips and were kept on a heat plate at 60°C for 4 h. Subsequently, the 
sections were treated with sodium methanolate solution (315 ml sodium methoxid: 
Fluka, Buchs, Switzerland; 185 ml methanol: Carl Roth, Karlsruhe, Germany; 100 ml 
toluene: Fluka, Buchs, Switzerland) in the absence of air for 6 min, methanol-toluene 
solution (1:1) for 5 min, two times acetone (AppliChem, Darmstadt, Germany) for 5 min 
and were washed in distilled water for 5 min in order to remove the resin. Then the 
samples were dehydrogenated with ethanol: 30, 50, 70, 90, 100% (2x) each step for 5 
min and were gradually transferred into HMDS: 30, 50, 70, and 100% (2x), each step for 
30 min, and finally the HMDS evaporated overnight.  
The samples were mounted on holders using conductive double sided adhesive tape 
(Plano GmbH, Wetzlar, Germany) and were gold coated with a sputter coater (Hummer; 
Technics Inc., Alexandria, USA) at 1 kV and 5 mA for 6 min. Observations were made 
with a Cambridge Stereoscan 604 scanning electron microscope (Cambridge 
Instruments, Somerville, MA, USA) and a Philips SEM 525 M (Philips Electronics N.V., 
Amsterdam, the Netherlands) at 10-15 kV acceleration voltage. The semi-thin sections 
were additionally investigated using a Cambridge Stereoscan 200 (Cambridge 
Instruments, Somerville, MA, USA) at the Nees institute for Biodiversity of Plants 
(Meckenheimer Allee 170, 53115 Bonn, Germany) to take images at higher 
magnification (see also Bennemann et al. 2011, Bennemann et al. 2014).  
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2.2.5 Transmission	electron	microscopy	(TEM)		
Transmission electron microscopy was used to analyse the fibrous inner structure of the 
arolium and the ultrastructure of the epicuticula, to analyse the occurrence of gland cells 
in the arolium and to analyse the ultrastructure of cells assumed as gland cells, which 
might produce the adhesive liquid. Therefor from an in Epon embedded tarsi (2.2.1 
Embedding) ultra-thin sections (approx. 60 nm) were cut at the symmetrical plane of 
the tarsus with a Reichert OmU3 ultramicrotome (Reichert GmbH, Wien, Austria) using 
glass knifes. The sections were stretched two times using chloroform (Serva, Heidelberg, 
Germany) and were taken up on 200 mesh nickel grids (200 division bars on 25.4 mm, 
Plano GmbH, Wetzlar, Germany). Observations were made with a Zeiss EM 10C 
transmission electron microscope (Carl Zeiss AG, Oberkochen, Germany) (see also 
Bennemann et al. 2011).  
2.2.6 Focused	ion	beam	(FIB)	microscopy	
Focused ion beam microscopy was used to analyse the three-dimensional structure of 
the fibres in the arolium. Two different FIB analyses were carried out.  
For the first analysis a tarsus, embedded in Epon (2.2.1 Embedding), was cut off 
laterally up to the middle of the arolium with a Reichert OmU3 ultramicrotome (Reichert 
GmbH, Wien, Austria) using a glass knife. The cut surface was smoothed by a focused ion 
beam and then material of the sample was removed in a 50 x 50 µm large area in the 
middle of the surface of the adhesive area of the arolium in steps of 35 nm by a focused 
ion beam. After every 35 nm deep step a SEM image was taken from the fresh cut surface 
in a 1024 x 768 pixel format. Three different stacks were recorded with altogether 185 
images corresponding to a depth of cut of 6.475 µm. For these investigations the focused 
ion beam microscope XB 1540 (Carl Zeiss AG, Oberkochen, Germany) was used. The 
focused ion beam treatment and the image acquisition took place at the Stiftung caesar - 
centre of advanced European research and studies (Ludwig-Erhard-Allee 2, 53175 Bonn, 
Germany) and were performed by Dipl. Ing. Angelika Sehrbrock and Dr. Stephan Irsen.  
The second FIB analysis served to investigate the detailed structure of the fibres in 
the cuticula in sections along the transversal plane of the arolium. In all prior 
morphological analyses of the arolium in this thesis the ultrastructure of the fibres was 
investigated in longitudinal sections cut along the symmetrical plane of the tarsus. The 
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peculiar interest of the second FIB analysis was to investigate, if there are 
interconnections between the fibres in the cuticula. To find out, if there are 
interconnections between the fibres or not was important for the interpretation of the 
results of the determination of the Young´s modulus of the epicuticula (chapter 2.3.3).  
For the second FIB analysis adult stick insects (n=2) were stunned with CO2 and were 
decapitated. The tarsi of all six legs were cut off and were dehydrated in an increasing 
ethanol series (40, 50, 60, 70, 80, 90, 95, 100% (2x)), each step for 15 min and were 
finally dried with a critical point dryer (Balzers CPD 030; Balzers Union 
Aktiengesellschaft, Lichtenstein, Germany). The samples were mounted on holders using 
conductive double sided adhesive tape (Plano GmbH, Wetzlar, Germany) and were gold 
coated with a sputter coater (Hummer; Technics Inc., Alexandria, USA) at 1 kV and 5 mA 
for 6 min. Prior to the preparation by FIB a gold layer with about 100 nm thickness was 
additionally deposited on the sample by a sputter coater (S150B; Edwards, Crawley, 
West Sussex, UK) at 1.5 kV and 10 mA for 6 min.  
Into the arolium a rectangular window was cut with an incident angle of 30° to the 
surface of the arolium in the distal to proximal direction using FIB Strata 205 (FEI, 
Hillsboro, Oregon, USA) at 20000 pA. By this procedure the cut went along the 
inclination angle of the fibres in the procuticula in the distal to proximal direction. The 
window had a size of 25 x 25 µm, the depth of the cut was adjusted to 6 µm (determined 
for silicon) and the window was aligned to the folds on the arolium. The cutting edges 
were polished at power of 1000 pA and were coated with an about 50 nm thick tungsten 
layer by an in-situ gas injection system to prevent electrostatic charge and damages 
resulting from Ga3+ ions. Images were taken using a secondary electron detector at 50 
pA in a 1024 x 954 pixel format. The focused ion beam treatment and the image 
acquisition took place at the Central Facility for Electron Microscopy (Ahornstraße 55, 
52074 Aachen, Germany) and were performed in cooperation with M. Sc. Daesung Park 
(see also Bennemann et al. 2014).  
2.2.7 Micro-computed	tomography	(µCT)	
Micro-computed tomography was used to analyse the overall design of the tarsus. For 
µCT analysis a tarsus fixated and contrasted with osmium tetroxide and uranyl acetate 
as described in embedding (chapter 2.2.1) was critical point dried (critical point dryer: 
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Balzers CPD 030; Balzers Union Aktiengesellschaft, Lichtenstein, Germany) and glued on 
a glass rod using superglue. The rod was fixed in a µCT (phoenix v|tome|x s, GE Sensing 
& Inspection Technologies, Wunstorf, Germany) equipped with a 240 kV / 320 W 
microfocus tube.  During imaging the rod was rotated around 360° and every degree an 
image was taken. From these images a 3D model was created using the software Amira 
4.1.0 (Visualisation Sciences Group, Burlington, VT, USA). In the 3D model of the tarsus 
the structures assumed to be gland cells, which might produce the adhesive liquid were 
marked by highlighting all structures with certain grey levels. The µCT imaging took 
place at the Steinmann institute for geology, mineralogy and palaeontology (Nussallee 8, 
53115 Bonn, Germany) and was performed by Peter Göddertz.  
2.3 Analyses	concerning	the	adhesion	of	stick	insects	
2.3.1 Attachment	force	measurements	of	stick	insects	
For the measurement of the maximal attachment forces of stick insects a centrifugal 
force measurement device was constructed (Figure 2.1), similar to that described by 
Federle and Scholz and their colleagues (Federle et al. 2000, Federle et al. 2004, Scholz 
et al. 2010). The device was powered by a 24 V direct current electromotor with 250 W. 
Directly on the hub of the motor two different turning devices were attached. The first 
one, called turning plate, consisted of an aluminium disc with a diameter of 31 cm 
(Figure 2.1a) and was used to measure the attachment force of stick insects including 
the static friction force between the arolia and a substrate. The second one, called 
turning box, consisted of a quadratic box with an edge length of 10 cm and a height of 
15.5 cm and was used to determine the adhesion force of stick insects without the 
contribution of frictional forces between the arolia and a substrate (Figure 2.1b).  
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Figure	 2.1: Centrifugal force measurement device equipped with a turning plate (a) and a 
turning box (b). b=batteries, pp=polishing paper, sc=speed controller, rs=reed switch, 
s=stroboscope.  
The surfaces of the turning devices were covered with polishing papers of different 
scales of roughness (0.3, 1.0, 3.0, 9.0, 12.0 µm, FibrMet-foil, Buehler, Illinois, USA, Figure 
2.2) to determine if stick insects adhere differently well on different rough substrates. 
The denoted roughnesses are values specified by the distributor and correspond to the 
diameters of the polishing grains of the polishing papers. 
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Figure	2.2: Polishing papers showing different scales of roughness:	a	0.3 µm,	b 0.5 µm, c 1 µm, d	
3 µm,	e	9 µm, f 12 µm. All polishing papers were used in the adhesion force measurements of 
adhesive materials (chapter 2.4.1) and all polishing papers with exception of the polishing paper 
with a roughness of 0.5 µm were used in the measurements of the attachment force of stick 
insects. Scale bars: a=6 µm, b=6 µm, c=4 µm, d=20 µm, e=40 µm, f=40 µm.  
 
The turning plate had on its top a depression of two millimetre for the mounting of 
polishing papers. In this depression an adhesive glue (Modellbau Haftkleber, Busch, 
Viernheim, Germany) was spread, which enabled to temporally fixate polishing papers 
with a diameter of 30.5 cm on the turning plate. On the polishing papers marks at every 
centimetre in distance to the centre were fixed to enable the determination at which 
distance to the centre the stick insects lost contact during acceleration. On its back side 
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the turning plate showed spokes preventing a deformation of the turning plate during 
rotation.  
On the outsides of the turning box the same polishing papers as mentioned above 
were glued. A quadratic turning box was used so that the stick insects could not clamp 
the substrate between the right and the left legs, which might occur when using a round 
turning cylinder.  
To control the rotational speed a 30 A speed controller was connected to the motor. 
The motor was powered by two 12 V lead acid batteries. At the edge of the turning plate 
a neodymium magnet was mounted and right in front of it a reed switch to trigger a 
stroboscope (digital stroboscope DS-01 (Voltcraft®), Conrad electronics, Hirschau, 
Germany) mounted above the turning plate. By this arrangement the stroboscope 
emitted a light flash once a rotation, so that observers saw a still standing image of the 
turning plate and the stick insects on it. Around the centrifugal force measurement 
device a safety net was installed to prevent injuries of the stick insects, when they lost 
contact to the turning devices.  
For the measurements stick insects with a length of 22.3 mm (± 1.0 mm, n=50, Table 
8.17) and a weight of 18.1 mg (± 4.2 mg, n=50, Table 8.17) were placed on the polishing 
papers on the two turning devices. Previously it was considered that the stick insects 
had all their tarsi and did not show any limp. After placing a stick insect on a polishing 
paper the turning device was slowly set into rotation and the rotational speed was 
increased until the stick insect was detached. During the measurements the distance 
between the stick insect and the centre of rotation and the rotational speed at the 
moment when the stick insect lost contact to the polishing papers were recorded. The 
rotational speeds were read off the stroboscope and a digital photo tachometer DT-
2234C+ (Komerci oHG, Ebern, Germany) mounted in front of the turning plate to ensure 
an accurate measurement. For the measurement of the attachment force of stick insects 
on the different polishing papers for each polishing paper five stick insects were used. 
The adhesion force of each stick insect was measured five times. The stick insects, which 
were used in five measurements, were not taken for further measurements with other 
polishing papers. After a single measurement with a stick insect first the adhesion forces 
of the other four stick insects were measured each once to ensure total recovery of the 
just used stick insect in the next measurement. The experiments with the turning box 
2.3 Analyses concerning the adhesion of stick insects  
 
19 
 
were performed as described above with the modification that the stick insects were 
placed in the middle of the vertical outsides of the turning box. Therefore the distance 
from the stick insects to the centre of rotation was assumed as equal (5 cm) in all 
experiments with the turning box.  
From some measurements high speed videos were recorded to analyse if all tarsi of 
the stick insects had contact to the polishing papers during the measurements. The 
videos were recorded with a Casio Exilim EX-FH100 camera (Casio, Shibuya, Tokyo) at 
240 frames per second in a 448 x 336 pixel format. The videos were fragmented into 
single frames and the frames lighted by the stroboscope were picked out. Out of these 
frames new videos were compiled, showing the stick insects still standing (meaning not 
rotating) on the turning devices.  
The attachment forces of the stick insects were defined as the centrifugal forces at 
which the stick insects were detached from the polishing papers. Form the distance of 
the stick insects to the centre of rotation and the rotational speed at the moment of 
detachment the centrifugal acceleration in units of the gravitational acceleration g was 
calculated using equation 1.  
 ag =  ∗


                                                    Equation 1 
where ag is the centrifugal acceleration in units of the gravitational acceleration, Ѡ is the 
angular frequency, r is the distance of the stick insect from the centre of rotation at 
detachment in meter and  g  is the gravitational acceleration.  
2.3.2 Contact	area	imaging	of	arolia	by	epi-microscopy	
For the calculation of the adhesion force of stick insects per surface area the contact 
areas of the arolia of stick insects to a substrate were determined by epi-illumination. 
The contact areas of stick insects of different weight (3.9, 18, 19.8, 33.5, 88, 245 mg) 
were determined to compare the ratio of their contact areas in reference to their body 
weights. Prior to the investigations the stick insects were let walked over a sheet of 
paper to clean their tarsi and then the stick insects were placed in a polystyrene Petri 
dish upside down. The Petri dish was placed in an epi-microscope (Axiophot 2, Carl 
Zeiss AG, Oberkochen, Germany) equipped with a 10fold LD Epiplan objective. The tarsi 
were illuminated from above though the objective, so that the surfaces of the arolia, 
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which were in contact to the upper Petri dish shell, were visible. No stick insects were 
used, where the abdomen was in contact to the lower Petri dish shell and it was 
considered that all tarsi of the stick insects were intact and in contact to the upper Petri 
dish shell.  
Of all six tarsi of the six stick insects images were taken at epi-illumination and of 
some at transmitted light with an AxioCam colour (Carl Zeiss AG, Oberkochen, Germany) 
using the Motic Images Plus 2.0 software in a 1300 x 1030 pixel format. It was observed 
that the stick insects did not move while the images of the contact areas of one stick 
insect were taken. During a movement a weight displacement could have happened, 
which had distort the results of the measurements. The pictures taken at epi-
illumination were edited in gimp (www.gimp.org). A levels was performed and the 
images were converted into black and white so that the surface with which the arolia 
were in contact to the Petri dish got black and the surrounding got white. Partly the 
images were edited with the rubber tool to delete black areas, which did not belong to 
the arolium contact surface. Displaying the percentage of white and black parts in the 
images using gimp enabled to calculate the surface areas of the contact areas of the 
arolia.  
2.3.3 Young´s	modulus	of	the	epicuticula	
To determine the Young´s modulus of the epicuticula of the arolium terminating its 
adhesive area this part of the arolium cuticula was stretched using a self-build tensile 
test-device (Figure 2.3). In the tensile test-device a latex membrane was clamped on two 
bars arranged parallel with a distance of 5 cm, which were connected through gears so 
that they rotate in opposite directions. By this arrangement the membrane could be 
stretched from two opposite directions when rotating the gears. The bars were rotated 
using a gear motor with a gear ratio of 3000:1 (Conrad electronics, Hirschau, Germany). 
The gear motor was powered with 1.5 V and was connected with one gear between the 
bars. The area of the membrane between the bars had a size of 39 x 50 mm. The 
membrane was stretched from the shorter edges of the latex membrane. The tensile 
test-device was mounted on an acrylic glass plate to enable transmitted light 
microscopy.  
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Figure	2.3: Tensile test-device. a front view on the tensile test-device, b side view on the tensile 
test-device showing details of the latex membrane and the camber. Mo=motor, Me=latex 
membrane, C=camber. 
As membrane a latex condom with a thickness of 0.06 mm was used (Vitalis super 
thin, R&S consumer goods GmbH, Munich, Germany). To obtain a latex membrane, 
which could be installed in the tensile test-device, the condom was washed with soap to 
remove the coating, both ends were cut off and it was cut open in length. Afterwards it 
was spread, air dried and cut with a lasercutter (Epilog Zing 6030; power: 2%, speed: 
25%, frequency: 30 Hz) into 130 x 39 mm large pieces. Using a lasercutter enabled much 
more accurate cutting edges than possible with a razor blade. The surface 
microstructure of the latex membrane can be seen in figure 2.4.  
 
Figure	 2.4: Surface microstructure of the latex membrane used in the determination of the 
Young´s modulus of the arolium cuticula. The cracked surface microstructure is based on the 
gold layer on the latex membrane deposited for SEM analysis. The needle-like structures 
presumably are contaminations. Scale bar=10 µm. 
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For the measurements stick insects with a weight of about 14.8 mg (± 5.2 mg, n=10, 
Table 8.29) and a length of about 25 mm (± 3 mm, n=10, Table 8.29) were located in the 
camber of the tensile test-device (Figure 2.3) in a way, that they adhered upside down 
with at least one arolium on the latex membrane. The arolia of the stick insects were 
stretched in longitudinal and transversal direction, because different Young´s moduli 
were assumed, when stretching the cuticula in these different directions, because of the 
unsymmetrical geometry of the fibres in the procuticula. Therefor the stick insects were 
aligned in a way that at least one arolium on the latex membrane was orientated parallel 
or perpendicular to the pulling direction, preferably in the centre of the membrane. 
Depending on their alignment, the arolia were stretched in transversal or longitudinal 
direction. Tensile tests in which the cuticula was stretched in direction of the width of 
the arolium (i.e. left to right) were denoted from here on as transversal tensile tests 
(short: trans) and tensile tests in which the cuticula was stretched in direction of the 
length of the arolium (i.e. distal to proximal) were denoted from here on as longitudinal 
tensile tests. The stick insects were not fixed at their location, but were free to move on 
the latex membrane. Before the stick insects were placed on the latex membrane it was 
slightly stretched. 
The tensile test-device was attached to the xy-stage of an epi-microscope (Axiophot 2, 
Carl Zeiss AG, Oberkochen, Germany) equipped with a 10fold LD Epiplan objective, 
which enabled the visualisation of a contact area of an arolia to the latex membrane. 
While investigating the contact area of an arolium to the latex membrane, the latex 
membrane was stretched with a velocity of about 286 µm per second. Meanwhile, a 
video of the elongation of the latex membrane and the contact area of an arolium was 
recorded with a digital camera (Moticam Pro 2850, Motic Deutschland GmbH, Wetzlar, 
Germany) in a 1360 x 1024 pixel format and 4 frames per second using the software 
Motic Images Plus 2.0 (Motic Deutschland GmbH, Wetzlar, Germany). The set-up is 
illustrated in figure 2.5. 
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Figure	2.5: Experimental set-up of the tensile tests. A stick insect (black) adheres upside down 
on the underside of a latex membrane (light grey) and an objective of an epi-microscope (dark 
grey) is focused on a contact area of an arolium to the latex membrane. During the tensile tests 
the latex membrane is stretched through rotation of the two bars and the elongation of the latex 
membrane and the contact area are recorded (modified after Bennemann et al. 2014). 
 
During the tensile tests the contact areas were kept in the field of view of the epi-
microscope using the xy-stage and the focus was permanently adjusted. The latex 
membrane was stretched for about 21.8% (± 3.3%). This elongation is in the range in 
which the latex membrane stretches linear with the pulling force, according to the 
measurements to determine the Young’s modulus of the latex membrane (2.3.4 Young’s 
moduli of the latex membrane and Skin Tite). From the videos single frames at the 
beginning and the end of the tensile tests and at two time points in between were 
chosen, in which the contact areas of the arolia to the latex membrane were clearly 
visible. Those frames were used to determine the elongations of the arolium cuticulae 
and the latex membrane. Therefor the widths of the contact areas of the arolia in the 
orientation of the stretching were measured using ImageJ (National Institutes of Health, 
Bethesda, Maryland). From these values the percentage elongation of the cuticula during 
the measurements were calculated. To analyse the percentage elongation of the latex 
membrane the distances between two prominent surface irregularities on the latex 
membrane, used as reference points, located in line with the direction of the stretching, 
were measured in the same frames. To determine if the cuticula stretches steadily its 
percentage elongation was plotted against the time at which the images were taken. 
Finally, the values of the percentage elongation of the arolia and the latex membrane 
were used to determine the Young´s modulus of the cuticula using finite element 
simulations.  
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Only tensile tests were evaluated, in which the contact area of the arolium was 
arranged in line or perpendicular to the stretching direction. Besides only experiments 
were included into the evaluation in which the arolium did not slide on the latex 
membrane during the measurements. To prove this, it was observed if the contact area 
changed its position towards reference points on the latex membrane and if structures 
on the latex membrane appeared next to the contact area during stretching, which had 
been underneath the arolium at the beginning of the stretching. Furthermore, only 
experiments in which the tarsi were orientated about perpendicular to the width of the 
contact area of the arolium at the beginning and the end of the tensile tests were chosen 
for the evaluation. A further exclusion criterion was large changes of the contour of the 
contact area during stretching.  
To compute the Young´s modulus of the cuticula the geometry of the latex membrane 
and the part of the cuticula, which was in contact to the latex membrane during the 
tensile tests and partly the surroundings of this part of the cuticula, were transferred 
into finite element simulations. In these simulations the latex membrane was stretched 
to the same extend as in the tensile tests. Now, the Young´s moduli inputted for the 
cuticulae were adjusted until the elongations of the cuticulae in the simulations 
coincided with the elongations of the cuticulae during the tensile tests. The latex 
membrane in the simulations had the same geometry as in the tensile tests of 50 x 39 x 
0.06 mm. The geometry of the cuticula was abstracted in four different ways:  
In the cuticula-geometry one (CGI) the cuticula was modelled as a layer of 400 nm 
thickness (Figure 2.6), which corresponds to the thickness of the epicuticula and an 
additional layer in which the thinnest fibres in the procuticula seem to be connected to 
each other and the epicuticula (Figure 3.9). The epicuticula of juvenile stick insects as 
used in the experiments might be thinner as the epicuticula of adult stick insects as 
shown in figure 3.9. Nevertheless, this high thickness was chosen, because it was 
assumed that the thickness of the epicuticula is a crucial value, which does not vary 
much during the lifespan of a stick insect. In this design of the cuticula it was assumed 
that the fibres in the procuticula have no influence in the force needed to stretch the 
arolium.  
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Figure	2.6: Cuticula-geometries (CG) I-IV using the examples of the finite element simulations 
prepared to analyse the tensile test “transversal 3”. a CGI consisting of a 400 nm thick cuticula 
(yellow) contacting the latex membrane (blue), b CGII consisting of an 15.2 µm thick cuticula 
(yellow) contacting the latex membrane, c CGIII consisting of two layers: a 400 nm thin layer 
(yellow), which stayed in contact with the latex membrane and on top of this a second 14.8 µm 
thick layer (green), which represented the layers in the arolium from the procuticula to the 
epidermis, d CGIV consisting of the same geometries as CGIII. Additionally, the two cuticula 
layers are surrounded by material of the same Young´s modulus and the same Poisson’s ratio 
(yellow and violet). The mesh of the surrounding of the thin cuticula layer is not connected to 
that of the latex membrane. The inserts in images c and d show the lower 400 nm thin cuticula 
layer in detail. The magnified areas are highlighted by a white square (image a and d modified 
after Bennemann et al. 2014 and 2015). 
In the cuticula-geometry two (CGII) the cuticula had a thickness from 8.37 to 15.2 µm, 
which corresponds to the thickness of all cuticula layers in the arolium from the 
epicuticula to the epidermis (Figure 2.6). Since the stick insects used in the tensile tests 
did not show exactly the same size and weight, the thickness of these layers was 
estimated for each stick insect individually. Therefor it was measured that the thickness 
of all cuticula layers in the arolium from the epicuticula to the epidermis conforms to 
about an 8.5th to the diameter of the whole pretarsus (Figure 2.7). To estimate this 
diameter first the perimeters around the whole pretarsi had to be estimated (Figure 
2.7). To estimate these perimeters the length (distal to proximal) of the arolium 
adhesive area was used, because the length of the adhesive area of an arolium conforms 
to about a 5th of the perimeter around the whole pretarsus. The lengths of the arolium 
adhesive areas were not taken from the measurements of the contact areas of the tensile 
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tests, because their lengths differed much between the different stick insects. Instead, 
the lengths of the contact areas were estimated using the measured widths (left to right) 
of the contact areas. Therefor it was determined that contact areas have a width to 
length ratio of about 10:4. With these assumptions the thicknesses of the arolium layers 
were calculated for each tensile test and stick insect individually. The thicknesses of the 
cuticulae in the individual finite element simulations are shown in table 2.1. In the CGII 
it was assumed, that all layers of the arolium cuticula have the same Young’s modulus 
and that the tensile rigidity of the arolium is facilitated by all layers in the arolium from 
the epicuticula to the epidermis.  
 
Table	2.1:	Steps in the calculation of the thickness of all cuticula layers in the arolia from the 
epicuticula to the epidermis. The tensile tests in which the contact areas were stretched in the 
orientation of their widths are denoted as trans 1-4. 
Steps	 in	 the	 calculation	 of	 the	 entire	
thickness	 of	 all	 cuticula	 layers	 in	 the	
arolium	
trans	1	 trans	2	 trans	3	 trans	4	
Width of the contact area [µm] 111.7 158.1 203.2 176.0 
Calculated length (width * 0.4) [µm] 44.68 63.24 81.28 70.4 
Perimeter of the whole arolium  
(length * 5) [µm] 
223.4 316.2 406.4 352.0 
Diameter of the arolium  
(perimeter/ π )[µm] 
71.11 100.65 129.36 112.05 
Thickness of all cuticula layers in the 
arolium (diameter/ 8.5) as used in the 
finite element simulations with cuticula-
geometry two [µm] 
8.37	 11.84	 15.2	 13.18	
Thickness of all cuticula layers in the 
arolium (diameter/ 8.5) minus 400 nm as 
used in the finite element simulations with 
cuticula-geometry three and four [µm] 
7.97	 11.44	 14.8	 12.78	
Average thickness of the cuticula layers as 
used in cuticula-geometry two [µm] 
12.15 
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Figure	2.7: Light microscopic image of a semi-thin section cut through the symmetrical plane of 
the pretarsus. The layered construction of the arolium cuticula is visible. The coloured marks 
illustrate the distances used in the calculation of the thickness of all cuticula layers from the 
epicuticula to the epidermis needed for the finite element simulations. The red circle 
encompasses the whole pretarsus. The blue angle encompasses the length of the adhesive part of 
the cuticula accounting a fifth of the red circle and the green line displays the average thickness 
of the cuticula layers from the epicuticula to the epidermis accounting a 8.5th of the diameter of 
the red circle. EPI=epicuticula, PRO=procuticula, EN=endocuticula, ED=epidermis, 
HE=hemolymph. Scale bar=100 µm (modified after Bennemann et al. 2014). 
 
The cuticula-geometry three (CGIII) had the same total thickness as CGII, but it was 
composed of two layers with different Young´s moduli: a 400 nm thin layer on top of a 
layer of the thickness as used in the CGII minus 400 nm (Figure 2.6). The thin layer of 
CGIII was connected to the latex membrane. The Young´s modulus of the thicker 
cuticula, which represented the cuticula layers in the arolium from the procuticula to the 
epidermis, was set on a value of 625 kPa as determined for these layers by Scholz et al. 
(2008). The Poisson´s ratio of the thicker cuticula was set on 0.3.  
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The cuticula-geometry four (CGIV) contained the same cuticula-geometries as the 
CGIII. Additional, the thin and the thick cuticula layers were surrounded by layers of the 
same thickness, showing the same Young´s modulus and the same Poisson´s ratio as the 
cuticula layer of the corresponding thickness (Figure 2.6). The surroundings were 10% 
larger than the contact areas in their width (left to right) and the length of the 
surrounding (proximal to distal) amounted 2/3 of the widths of the surroundings. With 
this additional material it should be considered that the cuticula around the contact area 
got clinched or stretched in the tensile tests, too. The surrounding around the thin 
cuticula layer was not connected to the latex membrane. The thick cuticula layer and its 
surrounding had the same properties as the thick cuticula layer in the simulations with 
CGIII. All cuticula-geometries were placed at the locations on the latex membrane, where 
the arolia adhered in the tensile tests.  
For the nodes at the sides of the latex membrane, from which the latex membrane 
was stretched, the degrees of freedom were reduced in a way that these nodes could 
only move in the direction of the stretching. Besides on these nodes a displacement 
equal to the percentage elongation of the latex membrane calculated for the individual 
tensile tests was applied. For all nodes in the simulations the displacements 
perpendicular to the plane of the latex membrane were set to zero, because otherwise 
the large deformations of the latex membrane could not be calculated.  
For meshing, first the cuticulae were meshed in a way that their contours were 
subdivided into 75 elements. Inside the contours the cuticulae were filled out with 
elements showing similar edge lengths. In simulations were the contact area was 
subdivided into two parts the contour of the smaller part was subdivided into 15 
elements and the bigger part was subdivided into 60 elements. Seldom minor changes to 
these subdivisions into elements had to be used, because the automatic meshing failed 
with the subdivisions mentioned above. The meshes of the cuticulae were transferred to 
the latex membrane, in that area, where the cuticulae contacted the latex membrane. 
The latex membrane, which had no contact to the cuticula was meshed in that way, that 
the elements got bigger from the area, where it contacted the cuticula, to the edges of the 
latex membrane up to an edge length of 2 mm. The nodes of the elements of the latex 
membrane and the cuticulae, which contacted each other, were merged. The nodes of 
the surroundings of the CGIV were not merged with the other geometries. The outer 
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contours of the surroundings in CGIV were subdivided into 75 elements. The subdivision 
into elements of the inner contours of the surroundings was adopted from the contours 
of the cuticula layers. The perpendicular surfaces at the inner contours of the 
surroundings and the perpendicular surfaces at the contours of the cuticulae were 
connected through the tie constraint. Further, the upper surfaces of the thin 
surroundings and the lower surfaces of the thick surroundings were connected by this 
constraint. By this procedure the nodes on the lower surfaces of the thin cuticula 
surroundings and the adjacent nodes on the top surface of latex membrane were not 
connected to each other.  
In all simulations the latex membrane had a thickness of one element, as well as the 
cuticulae of a thickness of 400 nm. All other cuticulae had a thickness of one, two or 
three elements. The division into elements occurred by automatic meshing.  
The Young´s modulus of the cuticula was initially set on an assumed value. At the 
beginning and the end of the stretching the distance between two nodes at the outer 
corners of the cuticula, which lay in line with the direction of the stretching and which 
were in contact to the latex membrane were measured. To determine the right Young´s 
modulus of the cuticula the Young´s modulus inputted for the cuticula was adjusted till 
the distance between the nodes at the outer corners of the cuticula showed the same 
elongation in the finite element simulations as in the tensile tests.  
The Young´s modulus of the latex membrane was set on 1.1953 MPa as determined 
before (chapter 2.3.4). The Poisson´s ratio of the latex membrane and the cuticula was 
set on 0.3. The Poisson´s ratio of the cuticula was not set on a higher value, because the 
Poisson´s ratio of the arolium in proximal to distal direction might be negative (Dirks et 
al. 2012). Exemplary the Poisson´s ratio of the cuticula was set on 0.45 to evaluate the 
influence of changing this parameter.  
Four tensile tests in which the cuticula was stretched in transversal direction were 
analysed by finite element simulation as described above using the software Abaqus 
6.11 (Dassault Systemes, Vélizy-Villacoublay Cedex, France). All elements in the finite 
element simulations had the same element type of C3D8R, which is an 8-node brick with 
reduced integration and hourglass control.  
Additionally, the Young’s modulus of the cuticula was estimated using seven further 
tensile tests. For these tensile tests no finite element simulations were prepared, but the 
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tensile tests were analysed using the results of the finite element simulations of the first 
four tensile tests. Therefor the Young´s moduli determined in the finite element 
simulations were plotted individually for each cuticula-geometry against the percentage 
elongation of the cuticula in reference to the percentage elongation of the latex 
membrane. For the resulting data points linear regression lines and their functional 
equations were calculated using Excel 2010. These functional equations were used to 
calculate the Young´s moduli of the cuticulae of the further seven tensile tests using their 
percentage elongation of the cuticula in reference to the percentage elongation of the 
latex membrane. 
To determine if the cuticulae stretched steadily frames in between the start and end 
frames of the tensile tests were picked out from the videos. In these frames the lengths 
of the contact areas and the distances between reference points on the latex membrane 
were measured as described above. Finally, the percentage elongations of the cuticula 
and the latex membrane were plotted against the time at which the images were taken.  
Eight tensile tests and the analysis if the stretching of the cuticula took place steadily 
were carried out by Stefan Backhaus (Backhaus 2013).  
Parts of the materials and methods illustrated in this chapter were already published 
in Bennemann et al. (2014 and 2015).   
2.3.4 Young’s	moduli	of	the	latex	membrane	and	Skin	Tite	
For the finite element simulations prepared to determine the Young´s modulus of the 
epicuticula (chapter 2.3.3) it was necessary to determine the Young´s modulus of the 
latex membrane used in the tensile tests. Furthermore the Young´s modulus of an 
adhesive material called Skin Tite, used for the fabrication of artificial adhesion devices, 
was of interest to compare this value to the Young´s modulus of the arolium cuticula.  
To determine the Young´s modulus of the latex membrane a  56 x 39 mm large sample 
of a latex membrane (condom: Vitalis super thin, R&S consumer goods GmbH, Munich, 
Germany) was clamped on one side at an aluminium block function as a preload placed 
on a micro scales (JB1603-C/ FACT, Mettler-Toledo GmbH, Greifensee, Switzerland) and 
on the other side at a pulling device (the same as used in 2.4.1 Adhesion force 
measurements of adhesive materials) in that way, that only 40 x 39 mm in the middle of 
the membrane could be stretched. The pulling device was brought in a condition in 
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which the membrane was nearly fully extended but not stretched. Then the micro scales 
was tared to zero. From this condition the membrane was stretched using the pulling 
device and in intervals of 1 mm stretching values on the micro scales were recorded 
during continuous stretching. The total stretching was 20 mm.  
For the determination of the Young´s modulus of Skin Tite a thin membrane made of 
Skin Tite was prepared. In a 0.375 mm thick acrylic glass plate (Evonik Industries AG, 
PLEXIGLAS® Shop, Darmstadt, Germany) a notch of 40 x 20 mm was cut. The acrylic 
glass plate was laid on another one and beside the notch a big drop of just mixed Skin 
Tite was poured. Then the Skin Tite was spread in the notch with an edge of a glass slide 
and was allowed to cure. The Skin Tite membrane was clamped in so that only an area of 
20 x 20 mm of the membrane was stretched (Figure 2.8). The measurement was carried 
out as described above, but the total stretching was only 12 mm. Both membranes were 
measured three times.  
 
 
Figure	2.8: Set-up for the determination of Young´s moduli of thin membranes. a whole set-up, 
b details of the clamp of a membrane. Image b shows a membrane out of Skin Tite. PD=pulling 
device, Me=membrane, P=preload, MS=micro scales.  
 
The Young’s moduli of the latex and the Skin Tite membranes were calculated using 
equation 2: 
 =
 	⁄
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																																								      Equation 2 
 
where E is the Young´s modulus in megapascal,  F is the force needed to extend the 
membrane in newton, A is the cross sectional area of the membrane in square 
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millimetre, ΔL is the elongation of the membrane in millimetre and l0 is the length of the 
membrane at the beginning of the stretching in millimetre. 
To calculate the Young´s modulus F/A was plotted against ΔL/l0 using Excel 2010. 
Since equation 2 is only true for the linear part of the resulting graph only the values 
providing a linear trend were included in a second diagram in which a regression line 
was inserted. The functional equation of the regression line was calculated using Excel 
2010 and the value of the slope was defined as the Young´s modulus of the membranes. 
Parts of the materials and methods illustrated in this chapter were already published in 
Bennemann et al. (2014).   
2.3.5 High	speed	recordings	of	the	detachment	process 
To reveal the mechanisms of the detachment of adhesive organs from a substrate high 
speed videos had been recorded. Therefor adult stick insects were placed in a box made 
of four glass plates. At low magnification the recordings were carried out simultaneously 
from two perspectives in a 90° angle to each other using two high speed cameras 
(FASTCAM ultima APX, maximal frame rate 120,000 fps, Photron, San Diego, USA). One 
high speed camera recorded the detachment of the adhesive organs laterally and the 
second high speed camera recorded the detachment from the perspective perpendicular 
to the glass plate on which the adhesive organs of the stick insect adhered to (Figure 
2.9). At high magnification only one camera was used orientated sidewards to the stick 
insect. The recordings were carried out at the institute for zoology (Poppelsdorfer 
Schloß, 53115 Bonn, Germany) under the guidance of Dr. Adrian Klein. Because of the 
huge amounts of data accumulating during the recordings the internal memory of the 
high speed cameras was overwritten all the time till a trigger was released. When the 
trigger was released the last recorded second was stored. By this procedure it was 
possible to trigger immediately after a stick insect had detached the tarsus on which the 
high speed cameras were oriented to. Videos were recorded at different frame rates 
(2000, 4000, 8000, 12500, 20000 frames per second) in a format from 1024 x 1024 pixel 
to 128 x 256 pixel. As light source a cold light inspection lamp was oriented directly on 
the arolium at highest attitude and with different distances from a few centimetres to a 
few millimetres to the arolium.  
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Figure	 2.9: High speed recording set-up used to reveal the detachment mechanism of the 
adhesive organs of stick insects. a position of camera one in front of a stick insect, b 
arrangement of both cameras and the light source.  
2.3.6 Replication	of	surface	microstructures	
The replication method established by Koch et al. (2008) was used to fabricate epoxy 
resin replicas of the surface microstructures on arolia to validate the results of the 
morphological analysis of critical point dried arolia. Besides the surface microstructures 
of polishing papers were replicated. These replicas were used as substrates in the 
adhesion force measurements of adhesive materials (chapter 2.4.1).  
To replicate arolia, stick insects were let walk over a sheet of paper in order to clean 
the tarsi and were cooled down in a refrigerator at 8°C for 5 min for anaesthetization. 
Afterwards, tarsi were put into a small drop of the moulding material President light 
body (PLB, polyvinyl siloxane, Coltène Whaledent AG, Altstätten, Switzerland) and were 
kept in this position for about 3 min. Subsequently, the tarsi could be pulled out of the 
PLB without injury of the pretarsus visible to the naked eye.  
Also polishing papers of different roughness (0.3, 0.5, 1.0, 3.0. 9.0, 12.0 µm, FibrMet-
foil, Buehler, Illinois, USA) were replicated using PLB. For moulding the PLB was applied 
on the polishing papers and was slightly pressed on the surfaces with a shell of a Petri 
dish. The PLB was allowed to cure for at least 30 min and then the polishing paper were 
separated from the PLB. After demolding the negatives were allowed to relax to take on 
the original shape for at least half an hour.     
All negatives were poured out with a mixture of epoxy resin L® (Nr. 236349) and 
hardener S® (Nr. 236365, Conrad electronics, Hirschau, Germany) mixed in a ratio of 
10:4 and then the epoxy resin was allowed to cure at room temperature for 24 h. The 
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epoxy resin replicas of the tarsi of a stick insect were sputter coated and investigated in 
the SEM (2.2.4 Scanning electron microscopy (SEM)). Parts of the materials and methods 
illustrated in this chapter were already published in Bennemann et al. (2011).   
2.4 Fabrication	of	artificial	adhesion	devices	
2.4.1 Adhesion	force	measurements	of	adhesive	materials	
To find materials suitable for the fabrication of artificial adhesion devices the adhesion 
force of several adhesive materials was measured. Two different methods were used to 
measure the adhesion force. In adhesion force measurement method one (MI), which 
was only used to measure the adhesion force of the material Formaform (Glorex of 
Switzerland, Füllinsdorf, Switzerland), material samples were placed by hand on 
surfaces with different roughnesses fixed on a micro scales (JB1603-C/ FACT, Mettler-
Toledo GmbH, Greifensee, Switzerland). Subsequently, the samples were pulled off the 
surfaces by a self-build pulling device, while the weight loss was recorded (Figure 2.10). 
In adhesion force measurement method two (MII) material samples were fixed on the 
micro scales and an indenter was pressed on the material samples and subsequently the 
indenter was pulled off, while the weight loss was recorded (Figure 2.12). In the 
following the adhesion force measurement methods are described in detail. 
In MI the micro scales was preloaded with an aluminium weight of 255 g and on top 
of this weight epoxy resin replicas of polishing papers showing different roughnesses 
(0.3, 0.5, 1.0, 3.0, 9.0, 12.0 µm, FibrMet-foil, Buehler, Illinois, USA) were mounted. 
Including these epoxy resin replicas the micro scales was preloaded with a weight of 
about 275 g. The epoxy resin replicas were fabricated as described in chapter 2.3.6 
(Replication). The adhesion force measurements were carried out on substrates of 
different roughness to find a material, which adheres well to as many different substrate 
roughnesses as possible. 
To fabricate material samples Formaform was melted in a water bath at about 90°C 
with different amounts of softening agent (Formaform Liquid, Glorex of Switzerland, 
Füllinsdorf, Switzerland) and was poured in 2 cm long tetragonal aluminium tubes with 
an inner edge length of 1.3 cm placed upright in a Petri dish. Formaform samples with a 
ratio of Formaform to softening agent of 100:40, 100:60, 100:80, 100:100, 100:120 and 
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100:140 were fabricated. Using this procedure samples with a contact surface of 1.69 
cm2, a height of about 2 cm and a weight of about 4 g were fabricated. After hardening, 
the samples were demounted with the help of a stamp without touching the surfaces of 
the Formaform samples, which were in contact to the Petri dish. These surfaces were 
used in the adhesion force measurements. 
The samples were placed on the epoxy resin replicas by hand, rolling over the sample 
from one edge to the opposite edge while performing as less pressure as possible on the 
sample. Subsequently, the micro scales was tared and the samples were pulled off 
perpendicular to their contact surface using a self-build pulling device (Figure 2.10).  
 
Figure	2.10: Set-up of the adhesion force measurement method one. a whole set-up, b detail of 
the sample and its clamp. PD=pulling device, A=adhesive material, R=replica, P=preload, 
MS=micro scales, C=controller. 
The samples were attached to the pulling device though a razor blade, which was 
inserted in the sample. Though a hole in the razor blade a needle was inserted into the 
sample to fixate the razor blade in the material sample. After placing the sample on the 
substrate a hook of the pulling device was thread through a second hole in the 
razorblade.  The samples were pulled off with a constant pull off speed of 216 µm/s. 
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During pull off the weight loss on the micro scales was recorded by a computer attached 
to the micro scales eight times a second.  
For MII the materials Formaform, Skin Tite (addition curing silicon, KauPo 
Plankenhorn e.K., Spaichingen, Germany), polydimethylsiloxane (PDMS, SYLGARD® 
184, Dow Corning GmbH, Wiesbaden) and Dragon Skin FX Pro (addition curing silicon, 
KauPo Plankenhorn e.K., Spaichingen, Germany), the latter with different admixtures of 
Silicon Thinner and Slacker (KauPo Plankenhorn e.K., Spaichingen, Germany), were 
mixed following the package inserts and were poured into Petri dishes with a diameter 
of 3.5 cm. Dragon Skin FX Pro was mixed with Silicone Thinner and Slacker in following 
weight ratios: 2:0.2:0, 2:0.2:1, 2:0.2:2, 2:0.2:3, 2:0.2:4. First the part A of Dragon Skin FX 
Pro was mixed with the Silicone Thinner and then the further components were added 
and mixed altogether for three minutes. Silicone Thinner was added to prevent air 
bubbles in the material samples and Slacker served as softening agent. The Petri dishes 
with the material samples were fixed on the 255 g aluminium preload on a micro scales. 
For comparison purposes also the adhesion forces of an Anti-Rutsch-Pad (3M, 
Minnesota, USA) were measured. 	
As indenters the small tips of 5 cm long M3 screws with diameters of 5 mm were 
used. The tips of the screws were flattened and covered with discs with a diameter of 4.5 
mm punched out of polishing papers of different roughness (0.3, 0.5, 1.0, 3.0, 9.0, 12.0 
µm, FibrMet-foil, Buehler, Illinois, USA), a glass slide of 5 mm diameter (Plano GmbH, 
Wetzlar, Germany) and a glass ball with a diameter of 6 mm (Glass sphere s.r.o., Jablonec 
nad Nisou, Czech republic) (Figure 2.11).  
 
Figure	2.11:	Indenters used in the adhesion force measurement method two. From left to right, 
indenters equipped with: a glass ball, glass slides and polishing papers of different roughnesses.		
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The indenters covered with polishing papers were used to measure the adhesion 
forces of the materials to surfaces of different roughness. The indenter equipped with a 
glass ball was used to avoid a not perfect alignment between the contact surface of the 
indenter and the surfaces of the material samples, and was only used to measure the 
difference in adhesion force between smooth and structured PDMS samples (2.4.2 
Influence of microstructures on adhesive materials on their adhesion force). After the 
measurement of the adhesion force of one material the polishing paper discs were 
renewed and the glass slide and the glass ball were cleaned.  
The screw was ballasted with nuts to reach a total weight of about 10 g. With this 
weight the indenter was pressed on the samples. To achieve that the screw loaded only 
with its weight on the material samples the screw was fixed with two washers upright at 
the pulling device in that way, that the screw was lifted, when it touched the material 
sample (Figure 2.12b).  
In adhesion force measurements the time how long the adhesive material has time to 
conform to the surface of the indenter is very important. To keep this time constant the 
movement of the indenter approaching the sample and detaching from the sample and 
the time in between was automatized. For this a triggering system was installed. During 
measurement the pulling device approached the screw to the sample with a speed of 
216 µm per second. When the screw touched the sample it was raised very little and the 
head of the screw touched a wire, which was mounted right in front of the head of the 
screw. This wire, the screw and the two washers, which hold the screw in place, were 
parts of an electric circuit, releasing a trigger signal when closed. When the electric 
circuit was closed the motion of the pulling device stopped, the pulling device held in 
place for 5 seconds and subsequently it pulled the screw off the material sample with a 
speed of 216 µm per second. The movement and the triggering of the pulling device 
were controlled by a Lego controller (Code Pilot, LEGO Systems Inc., Enfield, USA). 
During the measurements the weight of the indenter acting on the material sample and 
the adhesion forces of the material samples acting on the indenter during detachment 
were recorded by a computer attached to the micro scales 8 times a second. The lowest 
values were defined as the adhesion force in gram. To approximately calculate the 
adhesion force in newton these values were divided by 100. The adhesion forces of each 
material were measured for each different indenter coverage 10 times successively on 
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the same or 4 times on three different untouched areas. For the adhesion force 
measurement of very soft materials the preload of 10 g was reduced, because otherwise 
the tip of the screw would have been surrounded by the adhesive material.  
Some of the adhesion force measurements were carried out by Balazs Hejj (see end of 
chapter 2.4.2).  
 
Figure	2.12: Set-up of the adhesion force measurement method two. a whole set-up, b detail of 
an indenter and the triggering system. PD=pulling device, A=adhesive material, I=indenter, 
P=preload, MS=micro scales, C=controller.  
2.4.2 Influence	 of	 microstructures	 on	 adhesive	 materials	 on	 their	
adhesion	forces	
To analyse the influence of surface microstructures on adhesive materials on their 
adhesion force structured Formaform and polydimethylsiloxane samples were 
fabricated. To fabricate material samples with surface microstructures a diffraction 
grating and a multispectral foil (AstroMedia-Versand, Neustadt, Germany) were used. 
The diffraction grating shows a similar microstructure as the arolia of stick insects with 
1000 linear coves per micrometre (Figure 2.13a). The multispectral foil shows conic 
structures (Figure 2.13b) and resembles the surface microstructure of Tettigonia 
viridissima (Gorb et al. 2000).  
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Figure	2.13: Surface microstructures. a diffraction grating, b multispectral foil. Scale bars: a=6 
µm, b=10 µm.  
 
Structured Formaform samples were fabricated by placing the aluminium tubes on a 
diffraction grating and pouring in Formaform mixed in a ratio of 100:40 with softening 
agent. The adhesion force of these Formaform samples was measured using MI.  
To fabricate structured PDMS samples discs with a diameter of 33 mm were cut out a 
diffraction grating and a spectral foil and were placed in Petri dishes with an inner 
diameter of 33 mm. Subsequently, the Petri dishes were filled up with PDMS and the 
PDMS was allowed to cure for 24 h at room temperature. Additionally, PDMS was 
poured in an empty Petri dish to fabricate a smooth material sample. The adhesion force 
of these samples was measured using MII. Therefor the material samples were taken out 
the Petri dishes, were detached from the diffraction grating and the spectral foil and 
were mounted on the preload on the micro scales using PLB (polyvinyl siloxane, Coltène 
Whaledent® AG, Altstätten, Switzerland). The adhesion forces of the smooth sample and 
the sample showing the surface microstructure of a diffraction grating were measured 
each four times on three different areas on the samples. These measurements were 
carried out with every indenter covered with polishing papers of different roughnesses. 
Besides, the adhesion forces of all three samples were measured on five different areas 
of the samples each once using the indenter equipped with the glass ball.  
The adhesion force measurements using structured Formaform samples and the 
adhesion force measurements of Formaform using MII, the adhesion force 
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measurements of Dragon Skin and PDMS with the indenter covered with polishing 
papers and the adhesion force measurements on the Anti-Rutsch-Pad were carried out 
by Balazs Hejj (Hejj 2011). 
2.4.3 Contact	areas	of	adhesive	materials	to	substrates	
To determine the contact areas of Formaform samples to substrates, Formaform 
samples were placed on the epoxy resin replicas showing different roughnesses used in 
MI (2.4.1 Adhesion force measurements of adhesive materials). From the contact areas 
images were taken using a scanner (Epson EU-35, Tokyo, Japan). The contact areas were 
determined using the same image editing procedure as described for the analysis of the 
contact areas of arolia (2.3.2 Contact area imaging of arolia by epi-microscopy).  
The contact areas of the tips of the indenters to the adhesive material Skin Tite were 
determined similar. First a few millimetre thin layer of Skin Tite was poured into Petri 
dishes and was allowed to cure. Then the indenter tips equipped with a glass ball, a glass 
slide and discs of the polishing papers were pressed onto the surface of the Skin Tite 
with the same pressure as used in the adhesion force measurements. From the contact 
areas images were taken from below with a Canon Power Shot S3 IS (Canon, Tokyo, 
Japan) in a 2816 x 2112 pixel format or by using a scanner.  
2.4.4 Spin	coating	
A self-built spin coater (Figure 2.14) was used to fabricate several micrometre thin 
membranes out of adhesive materials used as contact surfaces of artificial adhesion 
devices.  
 
Figure	2.14: Spin coating device. M=motor, R=receiver, AGD=acrylic glass disc.  
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Additionally, spin coating was used to spread a thin layer of adhesive materials 
evenly on acrylic glass discs used for flocking (2.4.5 Flocking). The spin coater was 
driven by a 1.5 V direct current electromotor installed in a gear holder. On the motor a 
holder with a flat surface (Figure 2.14) was mounted, whose surface was made sticky 
with adhesive glue (Modellbau Haftkleber, Busch Modellbauspielwaren, Viernheim, 
Germany). The adhesive glue enabled to temporary fixate round acrylic glass discs with 
a diameter of 33 mm and a thickness of 0.375 mm on the holder. The acrylic glass discs  
were cut out of an acrylic glass plate (Evonik Industries AG, PLEXIGLAS® Shop, 
Darmstadt, Germany) using a lasercutter (Epilog Zing 6030, Epilog Laser, Golden, CO, 
USA; power: 15%, speed: 100%, frequency: 5000 Hz). Around the holder a petri dish of 
5.8 cm diameter was mounted functioning as a collecting vessel (Figure 2.14). On the 
discs adhesive materials: wood glue (Ponal Classic, Henkel AG & Co.KGaA, Düsseldorf, 
Germany), Fixogum (Marabu GmbH & Co.KG, Bietigheim-Bissingen, Germany), Skin Tite 
(KauPo Plankenhorn e.K., Spaichingen, Germany), Latex milk (Art. 6231010, Glorex of 
Switzerland, Füllinsdorf, Switzerland) and President light body	(PLB, polyvinyl siloxane, 
Coltène Whaledent® AG, Altstätten, Switzerland), were applied and dispersed on the 
discs. The two components of Skin Tite were applied and mixed on the discs. 
Subsequently, the discs were set into rotation with a rotational speed of about 6000 rpm 
by applying a voltage of 1.5 V for about 3 seconds, so that only a thin layer of the 
adhesive materials remained on the discs. After spin coating the discs were detached 
from the holder and were placed in Petri dishes for curing. Partly the adhesive materials 
were applied on the protection foil, which covered the acrylic glass when purchased. 
This simplified the detachment of the adhesive material layers from the acrylic glass 
discs. 	
2.4.5 Flocking	
Flocking was used to deposit many small fibre particles (flock fibres) about vertically 
onto a surface. The flocked surfaces were used to fabricate fibre reinforced artificial 
adhesion devices (2.4.8 Fabrication of adhesion devices containing flock fibres). As 
substrates acrylic glass discs as used for spin coating (2.4.4 Spin coating) were used. To 
fixate the fibres on the discs a several micrometre thin glue layer was spread on the 
acrylic glass discs using spin coating (2.4.4 Spin coating). Different glues were analysed 
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for their suitability: wood glue (Ponal Classic, Henkel AG & Co.KGaA, Düsseldorf, 
Germany), Fixogum (Marabu GmbH & Co.KG, Bietigheim-Bissingen, Germany) and Skin 
Tite (KauPo Plankenhorn e.K., Spaichingen, Germany).  
For flocking a self-build flocking device was constructed after the instructions on 
http://www.bahn87.de/Gras-Master consisting of a sieve and a high voltage generator 
(Figure 2.15).  
 
 
Figure	2.15: Flocking device. S=sieve, G=grounding cable, HVG=high voltage generator.  
 
Different flock fibres were used: polyamide fibres of 22.0 dtex (diameter about 50 
µm) and 2.0 mm length (Flock Depot GmbH, Stuttgart, Germany) and Streufasern, 
dunkelgrün (Faller GmbH, Gütenbach, Germany). For flocking first an acrylic glass disc 
was covered with a thin layer of a glue by spin coating and afterwards the disc was 
mounted on a copper plate with double sided adhesive tape. Then the copper plate was 
connected with the grounding cable of the flocking device. Subsequently, the sieve of the 
flocking device filled with flock fibres was placed a few centimetres above the acrylic 
glass disc, the flocking device was turned on and was slightly shook so that the fibres fell 
on the glue layer. This was done till the whole surface of the disc was covered with flock 
fibres. After flocking the copper plate was turned around and slightly knocked so that 
fibres, which did not stuck in the glue layer on the acrylic glass disc, fell off. Afterwards 
the disc was placed in a Petri dish and the glue layer was allowed to cure.  
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2.4.6 Electrospinning	
Electrospinning was used to fabricate ultra-thin fibres with diameters of a few 
micrometres or below. These electrospun fibres were meant to reinforce artificial 
adhesion devices. For electrospinning the materials polycaprolactone (PCL, Mn=45,000, 
Sigma-Aldrich, St. Louis, MO, USA) and polymethylmethacrylate (PMMA, Mw=350,000, 
Sigma-Aldrich, St. Louis, MO, USA) were used. PCL was dissolved in a mixture of 
chloroform (Serva, Heidelberg, Germany) and ethanol (Carl Roth, Karlsruhe, Germany) 
in a ratio of 3:1 in a concentration of 10% wt as used in Rumman (2010). PMMA was 
dissolved in acetone p.a. (AppliChem, Darmstadt, Germany) as described in Qian et al. 
(2010) in a concentration of 12% wt by stirring on a magnetic stirrer for a few hours. 
The solutions were poured into 50 ml syringes, which were placed into a syringe pump. 
Onto the syringe a blind cannula with a diameter of 0.9 mm and a length of 42 mm was 
attached. On the cannula a high voltage of 8-20 kV and >> 0.1 mA was applied, supplied 
by a high voltage power supply (HNCs 35.000-5, Heinzinger electronic GmbH, 
Rosenheim, Germany). On the cannula a Petri dish with a diameter of 9.3 cm covered 
with aluminium foil was placed. The aluminium foil was electrically conductive 
connected to the cannula and served to push away the fibre from the cannula in the 
direction of the target. The syringe pump was placed on a lab boy to adjust its height. 
Opposite of the syringe pump a target was located. The target developed by Muhammad 
Rumman were used, which enable the electrospinning of parallel orientated fibres in 
many layers one above the other (Rumman 2010). This orientation of the fibres should 
be maintained in the fibre reinforced adhesion devices. The target consisted of two 
stairs-like aluminium blocks with a height and a depth of 12 mm (1 mm for each step) 
arranged mirror inverted to each other (Figure 2.16b). The target was placed in a 
holder, which was connected to the ground of the high voltage power supply. The 
syringe pump and the target were built in a railing system to ensure a correct alignment 
of the syringe and the target and to adjust the distance between both (Figure 2.16a).  
For electrospinning the syringe pump was set to a support rate between 0.5 and 5 
ml/ h. When a drop of the PCL or PMMA solution appeared at the tip of the cannula the 
high voltage was turned on. The set-up was placed in a hood and for safety reasons the 
window of the hood was closed before the high tension was turned on. The distance 
between the syringe pump and the target, the voltage and the support rate was 
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modulated in order to attain a continuous fibre production. After electrospinning a 
frame was built around the target (Figure 2.16b) and the target was taken off the holder. 
To analyse the fibres in the SEM a holder covered with a conductive double sided 
adhesive tape (Plano GmbH, Wetzlar, Germany), out of which two 1 mm wide and 7 mm 
long areas in the middle were cut out, was moved through the frame from its bottom to 
its top in that way that the fibres lay perpendicular to the notches cut in the conductive 
double sided adhesive tape. Subsequently, the samples were sputter coated with a very 
thin gold layer at 600 V and 20 mA for 3 min and were investigated in the SEM (2.2.4. 
Scanning Electron Microscopy (SEM)). The electrospinning set-up and the 
electrospinning process were designed and optimised together with Dipl.-Biol. Andreas 
Kriebel.  
 
 
Figure	2.16:	Electrospinning set-up (a), target	(b). T=target, RS=railing system, AD=Petri disc 
covered with aluminium foil, SP=syringe pump, HT=high tension cable.  
 
2.4.7 Fabrication	of	foamy	adhesion	devices	(FADs)	
Soft and elastic adhesion devices were fabricated out of Soma Foama 15 (addition curing 
silicone foam, KauPo Plankenhorn e.K., Spaichingen, Germany) covered with about 40 
µm thin membranes made of Skin Tite (addition curing silicon, KauPo Plankenhorn e.K., 
Spaichingen, Germany). The Skin Tite membranes were fabricated by spin coating on 
acrylic glass discs with a diameter of 33 mm (2.4.4 Spin coating). The membranes, which 
were used as the contact surface of the foamy adhesion devices, were spun on the 
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protection film, with which the acrylic glass disc were covered when purchased. These 
acrylic glass discs were placed in Petri dishes with an inner diameter of 33 mm with the 
membrane facing upwards. The inner perpendicular walls of the Petri dishes were 
coated with a thin film of Skin Tite with a fine brush. In the caps of the Petri dishes 
holder for the foamy adhesion devices with a height of 5 mm and a diameter of 33 mm 
were mounted with double sided adhesive tape. On the holder a second acrylic glass disc 
covered with Skin Tite was mounted with double sided adhesive tape.  
For the fabrication of foamy adhesion devices the two components of Soma Foama 15 
were mixed for 30 seconds and subsequently a little more of the mixture than needed to 
fill out the Petri dishes after the expansion of the Soma Foama was poured into the 
prepared Petri dishes. Then the Petri dishes were closed with the caps and were placed 
in a holder, which prevented the lift of the caps. In the walls of the Petri dishes three 
holes with equal distance and a diameter of 1 mm were drilled to enable the excess foam 
to flow out. Subsequently, the foamy adhesion devices were stored in a hood overnight 
until the foam was cured. This procedure enabled the fabrication of foamy adhesion 
devices, where the foam was nearly completely covered by Skin Tite. The Skin Tite 
membranes covering the foam were fabricated immediately before the fabrication of the 
foamy adhesion devices, because different addition curing silicones adhere best on each 
other, when the materials were only just cured (www.kaupo.de/shop/out/media/ 
SOMA_FOAMA.pdf). After curing the foamy adhesion devices were taken out of the Petri 
dishes in that way, that the Skin Tite spread on the inner walls of the Petri dishes 
covered the foam laterally. Finally, first the acrylic glass discs on top of the adhesion 
devices were taken off and then the protection films of the acrylic glass discs were 
peeled off the adhesion devices. The in this way exposed surfaces were intended to 
make the contact between the adhesion devices and a substrate.  
2.4.8 Fabrication	of	adhesion	devices	containing	flock	fibres	(FRDs)	
To fabricate fibre reinforced adhesion devices, flocked surfaces were infused with a very 
soft silicone gel and were covered with thin Skin Tite membranes. As first step acrylic 
glass discs were flocked using polyamide fibres (22.0 dtex, diameter about 50 µm, 2.0 
mm length, Flock Depot GmbH, Stuttgart, Germany) and Skin Tite as glue (2.4.5 
Flocking). Then the interspaces between the flock fibres were filled out with Dragon 
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Skin FX Pro with admixtures of Silicon Thinner and Slacker (KauPo Plankenhorn e.K., 
Spaichingen, Germany) in a weight ratio of Dragon Skin : Silicone Thinner : Slacker of 2 : 
0.2 : 3. Therefor the flocked discs were placed on sockets and the Dragon Skin was 
poured and carefully spread on the flocked discs. The sockets enabled excess Dragon 
Skin to flow out. As coverage about 115 µm thin Skin Tite membranes were fabricated 
by spin coating (2.4.4 Spin coating). To fabricate an about 115 µm thin Skin Tite 
membrane on an acrylic glass disc covered with a protection film, a first layer of Skin 
Tite was spin coated and cured and on top of this layer a second membrane was spin 
coated and cured. The acrylic glass discs with the Skin Tite membrane facing 
downwards were placed on top of the flock fibres infused with Dragon Skin, were 
ballasted with a weight of 12 g and the Dragon Skin was allowed to cure for 24 h. After 
curing the curved sides of the adhesion devices were covered with a thin layer of Skin 
Tite applied by a fine brush. Then the lower acrylic glass discs were attached to a holder 
as used for the foamy adhesion devices by double sided adhesive tape. The upper acrylic 
glass discs and afterwards the protection films were removed from the top surfaces of 
the adhesion devices. The in this way exposed surfaces were intended to make contact 
between the adhesion devices and a substrate. 
2.4.9 Fabrication	of	adhesion	devices	with	angled	fibres	(AFDs)	
Adhesion devices with angled fibres were fabricated to test the hypothesis whether 
adhesion devices with angled fibres can be detached with less pulling force when pulled 
at a certain force application point than adhesion devices without angled fibres. 
Therefor an array of 32x32 fibres with quadratic cross sections and with a short edge 
length of 0.3 mm, a length of 6 mm and interspaces between the fibres of 0.3 mm, 
arranged in an angle of 57° towards a backing layer of about 18.9 x 22.54 x 5 mm was 
designed (Figure 2.17). The inclination angle of 57° coincided with the inclination angle 
of the finest fibres in the arolium (Table 8.3).  
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Figure	2.17: Array out of 32x32 fibres with a short edge length of 0.3 mm, a length of 6 mm and 
an inclination angle of 57° towards the backing layer designed with Solid Works. 
 
The array was designed in Solid Works Student Design Kit 2011 (Dassault Systèmes 
SolidWorks Corporation, Waltham, USA) and was ordered at the 3D printing internet 
shop shapeways HQ (www.shapeways.com, New York,  USA) in the material „Frosted 
Detailed Plastic“. The edge length of 0.3 mm was the smallest and the ratio of short edge 
length to length of the fibres were the highest possible to be fabricated at that time in 
this shop (www.shapeways.com/materials/frosted-detail-design-guidelines). The 
material “Frosted Detailed Plastics” also features a low tensile module of 1.108 GPa 
(http://www.shapeways.com/rrstatic/material_docs/mds-frosted.pdf), which seemed 
to be appropriate to fabricate easy bendable fibres.  
The tips of the fibres were covered with a membrane made of Skin Tite with a 
thickness of about 185 µm. The membrane was fabricated by spin coating on the 
protection film on acrylic glass discs (2.4.4 Spin coating). To achieve an about 185 µm 
thick layer a first membrane was spin coated and cured, on top of this a second 
membrane was spin coated and cured and on top of this a third membrane was spin 
coated and in the uncured Skin Tite the tips of the fibres were placed. After curing the 
acrylic glass discs were removed, the membranes were cut close around the outer fibres 
and the protection films were removed. The in this way exposed surfaces were intended 
to make the contact between the adhesion devices and a substrate. In the adhesion force 
measurements pulling forces were applied at different force application points (2.4.13 
Adhesion force measurements of adhesion devices) to analyse, if the angled orientation 
of the fibres simplifies the detachment of these adhesion devices in one of the loading 
cases.  
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2.4.10 FEM	simulation	of	the	AFDs	
To analyse the strains and stresses occurring in the adhesion devices with angled fibres 
(AFDs) during different kinds of loadings the geometry of the AFDs was transferred into 
a finite element simulation using Abaqus 6.11 (Dassault Systemes, Vélizy-Villacoublay 
Cedex, France). Thereby the geometry of the backing layer was slightly altered to the 
fabricated backing layer to enable more suitable loadings (compare Figure 2.17 and 
Figure 2.18). In the simulation the tips of the fibres were fixed in their position and on 
the geometry forces equal to the average forces at which the AFDs were detached during 
the adhesion force measurements (chapter 2.4.13) were applied on application points 
similar to those used in the adhesion force measurements. The forces were applied on 
the bottom of the backing layer acting upwards and sidewards and on the sides of the 
backing layer acting upwards (Figure 2.18).  
 
Figure	2.18:	Five different forces applied on the geometry of the adhesion devices with angled 
fibres simulated in a finite element simulation. The five different forces, which directions are 
illustrated by the arrows, acted on the application points highlighted by the lines, which have the 
same colour as the arrows. The forces acted on the whole faces of the geometry illustrated in the 
image only by lines.  
 
On all force application points a pulling force of 3.66 N was applied, which conformed 
to the average force at which the AFDs were detached, when pulled upwards at the 
whole backing layer (chapter 3. 14). On the sides of the backing layer also pulling forces 
of 1.2 N and 2.555 N were applied, which conformed to the average forces at which the 
AFDs were detached during the adhesion force measurements when pulling at these 
force application points (chapter 3.14). The upwards pointing force acting on the 
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backing layer was brought on using a pressure command with negative value and the 
forces acting horizontally on the backing layer and the forces acting on the sides of the 
backing layer were bought on using a surface traction command.  
The geometry was meshed into elements with an edge length of about 0.3 mm and 
the element type C3D8R, which is an 8-node brick with reduced integration and 
hourglass control, was used for all elements. A Young´s modulus of 1.108 GPa and a 
density of 1.02 g/cm³ was inputted for all elements according to 
(http://www.shapeways.com /rrstatic/material_docs/mds-frosted.pdf) and a Poisson´s 
ratio of 0.3 was used for all elements.  
2.4.11 Fabrication	 of	 adhesion	 devices	 containing	 soft	 silicone	 gel	
(SGDs)	
To analyse if adhesion devices containing only a soft silicone gel beyond a thin Skin Tite 
membrane show comparable high adhesion forces as the FADs and the FRDs, SGDs were 
fabricated. Therefor the inner walls of Petri dishes with inner diameters of 33 mm were 
spread out with a thin layer of Skin Tite with a brush. Subsequently, the Petri dishes 
were filled up with Dragon Skin FX Pro with admixture of Silicon Thinner and Slacker 
(addition curing silicon, KauPo Plankenhorn e.K., Spaichingen, Germany) in a weight 
ratio of Dragon Skin : Silicone Thinner : Slacker of 2 : 0.2 : 3 as used in the fabrication of 
the FRDs. The layers of Dragon Skin had the same thickness as the foam layers of the 
FADs of 5 mm. After hardening, on the Dragon Skin holders as used for the FADs were 
mounted using Skin Tite as glue. Then the adhesion devices were taken out of the Petri 
dishes in that way that the Skin Tite, spread on the inner walls of the Petri dishes, 
covered the Dragon Skin all around. Finally, around the sides of the adhesion devices 
and the holders a thin layer of Skin Tite was spread to prevent a detachment of the 
adhesion devices from the holders during the adhesion force measurements. The 
surfaces opposite to the holders were intended to make the contact between the 
adhesion devices and a substrate.  
2.4.12 FEM	simulations	of	the	SGDs	and	the	FRDs	
To analyse the strains and stresses occurring in the adhesion devices containing soft 
silicone gel (SGDs) and the fibre reinforced adhesion devices (FRDs) the geometries of 
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these adhesion devices were transferred into two-dimensional finite element 
simulations using Abaqus 6.11 (Dassault Systemes, Vélizy-Villacoublay Cedex, France). 
The simulation of the SGDs consisted of a soft silicone gel layer with a size of 2 x 33 mm 
connected to a holder with a size of 5 x 33 mm (Figure 2.19). In the simulation of the 
SGDs the silicone gel layer was modelled as a layer with a thickness of 2 mm instead of 5 
mm, which the fabricated SGDs showed, to make the simulation of the SGDs comparable 
to the simulation of the FRDs. For the silicone gel layer an estimated Young´s modulus of 
50 kPa and for the holder a Young´s modulus of 3.5 GPa was inputted. The Poisson’s 
ratio of the silicone gel layer and the holder was set on 0.45. The silicone gel layer and 
the holder were meshed into elements with an edge length of 250 µm and the element 
type CPS4R was used for all elements, which is a 4-node plane stress element with 
reduced integration and hourglass control. All elements a thickness of 250 µm were 
given. The nodes on the upper side of the silicone gel layer and the nodes on the bottom 
side of the holder were connected though a tie command. 
The simulation of the FRDs showed the same geometries as the simulation of the 
SGDs and further it contained fibres, which were placed upright in the silicone gel layer 
(Figure 2.19). The fibres had a length of 2 mm, a diameter of 50 µm, a Young´s modulus 
of 2.3 GPa and a Poisson’s ratio of 0.45. Each fibre consisted of one element of the 
element type B21, which is a 2-node linear beam. Altogether 133 fibres were included in 
the simulation showing a distance of 250 µm to each other. The ends of the fibres were 
laid exactly over the nodes of the elements on the upper and the bottom side of the 
silicone gel layer. Thereby the nodes of the fibres could be connected to the nodes on the 
upper and the bottom side of the silicone gel layer and the nodes on the bottom side of 
the holder. This was done by merging the mesh of the silicone gel layer, the holder and 
the fibres. Due to the thickness of all elements of 250 µm the fibres had a distance to 
each other of 250 µm also in z-direction, when extrapolating the two-dimensional 
simulation into a three-dimensional one.  
In both simulations all nodes at the bottom sides of the silicone gel layers were fixed 
in their position and on all nodes of the upper sides of the holders forces of -0.0012 N 
were applied using a pressure command with negative value. This equates a load on the 
whole round adhesion devices of -4 N.  
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Figure	2.19: FEM simulations of the SGDs and the FRDs. a simulation of the SGDs, b simulation 
of the FRDs. The bottom sides of the silicone gel layers, highlighted by blue lines, were fixed in 
their position and on the upper sides of the holders, highlighted by red lines, pressures of                
-0.0012 N were applied.   
2.4.13 Adhesion	force	measurements	of	adhesion	devices	
The adhesion forces of all four adhesion devices were measured with a baggage scale 
(Electronic scale WH-A11, accuracy of 5 g, Weiheng Electronics Co., Ltd., Guangzhou, 
China). The pulling forces to detach the adhesion devices were applied by a continuous 
rotation servo motor controlled by a servo tester (CCPM servo consistency master, G.T. 
Power, Shenzhen, China). On the axis of the servo motor a pulley was mounted. At the 
pulley a nylon cord was attached, which rolled up with a velocity of about 3 mm/s, when 
the servo motor rotated. The further end of the nylon cord was attached to the baggage 
scale. The whole set-up is shown in figure 2.20.  
 
Figure	2.20:	Set-ups for the adhesion force measurements of the adhesion devices. SM=servo 
motor, S1=scale 1, S2=scale 2, AD=adhesion device, ST=servo tester, GP=glass plate.  
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For comparison the adhesion force measurements were also carried out with a two 
millimetre thin layer of Skin Tite, an adhesion foil (Gecko®Nanoplast®, Gottlieb Binder 
GmbH & Co. KG, Holzgerlingen, Germany, Figure 2.21) and an Anti-Rutsch-Pad (3M, 
Minnesota, USA), which were attached to round holders as used for the other adhesion 
devices except from the AFDs.  
 
 
Figure	2.21: Surface microstructure of the adhesion foil Gecko®Nanoplast® developed by Gorb 
et al. (2007a,b). Scale bar=100 µm.  
 
For the adhesion force measurements of round adhesion devices - the FADs, the SGDs, 
the FRDs, the two millimetre thin layer of Skin Tite, the Gecko®Nanoplast® and the 
Anti-Rutsch-Pad – each one hook was attached to the holders in the centre of their 
backsides and one sideways (Figure 2.22a). The hooks in the centre served to determine 
the maximal adhesion forces of the adhesion devices and the hooks at the sides served to 
determine the minimum adhesion forces of the adhesion devices. The minimum 
adhesion forces were measured, because one aim was to fabricate adhesion devices, 
which can be detached as effortlessly as possible when required. The adhesion force 
measurements with these different force application points are hereinafter referred to 
as centred or sideways (Figure 2.22a).  
On the AFDs two hooks were mounted at the edges of their backing layers (Figure 
2.22b). The detachment force was applied consecutively on both hooks to analyse if the 
inclination angle of the fibres has an influence on the force needed to detach the AFDs. 
Besides, the detachment force was applied on both hooks simultaneously to measure the 
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force needed to detach these adhesion devices without peeling them off the substrate. 
The adhesion force measurements with these different force application points are 
hereinafter referred to as centred, blunt edge or shape edge (Figure 2.22b).  
 
 
Figure	 2.22: Mounting of the hooks on the adhesion devices. a mounting of two hooks on a 
holder of the round adhesion devices, b mounting of two hooks on an AFD. The nomination of 
the centred and sideways adhesion force measurements and of the sharp and the blunt edge is 
given. 
From all measurements videos were recorded with a Canon Power Shot S3 IS (Canon, 
Tokyo, Japan) in a 640 x 480 pixel format in which the display of the scale could be read. 
In the videos for every measurement the highest value on the baggage scale was 
identified and defined as the adhesion force in gram. To approximately calculate the 
adhesion force in newton these values were divided by 100. As substrate a glass plate 
was used and each test was carried out on an untouched surface area on the glass plate. 
The adhesion forces of five FADs, four SGDs, two AFDs and four FRDs were measured 
five times for each force application point. 
During the sideways adhesion force measurements of the SGDs the adhesion force 
rose, fell and rose again (chapter 3.14). For these measurements another baggage scale 
with an accuracy of 10 g was used, because the baggage scale used in the other 
measurements locked the measurement at the first peak. When the force needed to 
detach the adhesion devices exceeded about 6 N the detachment force was applied by 
hand, because the servo motor did not had enough power to detach the adhesion devices 
showing such high adhesion forces. This was the case for the centred adhesion force 
measurements of the FRDs and the adhesion force measurements of the 2 mm thick Skin 
Tite layer, the Anti-Rutsch-Pad and the Gecko®Nanoplast®. 
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3. Results  
3.1 Morphology and ultrastructure of the tarsus of C. morosus 
 
The morphology and ultrastructure of the tarsus of C. morosus were investigated to 
reveal functional principles responsible for the adhesive properties of the adhesive 
organs of C. morosus. The morphology of the tarsus was analysed using scanning 
electron microscopy (SEM) and micro-computed tomography (µCT). These 
investigations confirmed that the tarsus of C. morosus is composed of five tarsal 
segments and the pretarsus and that it features two different kinds of adhesive organs 
(Figure 3.1).  
 
Figure 3.1: Tarsus of C. morosus. a whole CP-dried tarsus of C. morosus composed of five tarsal 
segments and a pretarsus featuring an arolium. The first four tarsal segments bear euplantulae. 
The arolium is slightly collapsed, b Amira®-model of the anterior part of the tarsus of the stick 
insect C. morosus (µCT raw data compiled by Peter Göddertz). TS3=tarsal segment 3, TS4=tarsal 
segment 4, TS5=tarsal segment 5, PT=pretarsus, EU=euplantulae, CL=claw, AR=arolium. Scale 
bar: a=1 mm.  
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On the pretarsus a smooth adhesive organ is located, the arolium, and on the first four 
tarsal segments pairs of hairy adhesive organs, the euplantulae, are located. There is a 
disagreement in literature about the affiliation of the hairy structures on the euplantulae 
of C. morosus and thereby a disagreement in the affiliation of the euplantulae to the two 
kinds of adhesive organs. Bußhardt et al. (2012) assign the euplantulae of C. morosus to 
smooth adhesive organs and denote the hairy structures as nubs. In this study the 
euplantulae are assigned to the hairy adhesive organs, because their hairy structures 
were assigned to acanthae (see below). Figure 3.1a shows a whole tarsus of C. morosus 
in which the location of the arolium and the euplantulae can be seen. Figure 3.1b shows 
an Amira®-model of the anterior part of the tarsus of C. morosus constructed from the 
data obtained from the µCT analysis. It is visible that the tarsal segments are only 
connected through small joints.  
The arolium shows the typical kidney shaped adhesive surface (Figure 3.2a) 
(Bennemann et al. 2011) and distal from this region cupola-like structures, separated 
from the adhesive area through a step-like structure, are visible (Figure 3.3, Figure 
3.11). The kidney shaped adhesive area of adult C. morosus has a width of up to about 
850 µm and a length of up to about 310 µm and shows a certain microstructure of 
parallel folds with a width of about 1.6 µm (± 0.36 µm, Table 8.1, Bennemann et al. 
2011) running along the longitudinal axis of the tarsus (Figure 3.2b). To prove, if these 
microstructures on the arolium are no artefacts based on the dehydration of the samples 
epoxy resin replicas of the pretarsus were prepared. Figure 3.3 shows SEM images of an 
epoxy resin replica of an arolium, which displays similar folds as the SEM images of the 
critical point dried arolia. The folds on the epoxy resin replicas have less height than the 
folds of the critical point dried arolia (Figure 3.3b) and they have a width of about 2.4 
µm (± 0.42 µm, Figure 3.3b, Table 8.1, Bennemann et al. 2011).  
Between the arolia, which were fixated while they were in contact to a substrate and 
the arolia fixated while they were not in contact to a substrate no differences in their 
morphology could be determined.  
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Figure 3.2: SEM images of a pretarsus of C. morosus. a arolium, showing the kidney shaped 
adhesive surface, b microstructure on the arolium showing parallel folds running along the 
longitudinal axis of the tarsus. Scale bars: a=200 µm, b=10 µm (modified after Bennemann et al. 
2011). 
 
 
Figure 3.3: SEM images of an epoxy resin replica of the pretarsus of C. morosus. a epoxy resin 
replica of an arolium showing the kidney shaped adhesive surface, b microstructure on the 
kidney shaped adhesive surface of an epoxy resin replica of an arolium showing parallel folds 
running along the longitudinal axis of the tarsus. Scale bars: a=200 µm, b=10 µm (modified after 
Bennemann et al. 2011).  
 
The tips of the claws beside the pretarsus were analysed using SEM to compare the 
diameter of the claw tips with the roughness of the polishing papers used as substrates 
in the measurement of the attachment force (chapter 2.3.1). The diameter of the tips of 
the claws of C. morosus varies during their lifetime. Juvenile stick insects (as the stick 
insect used in the attachment force measurements) have claw tips with a diameter down 
to 700 nm and adult stick insects have claw tip diameters down to 5 µm (Figure 3.4). 
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Figure 3.4: Claw-tips of the stick insect C. morosus. a claw of an adult stick insect, b claw of a 
juvenile stick insect as used in the attachment force measurements (chapter 2.3.1). Scale circles: 
a=5 µm, b=700 nm. 
 
The anatomy and the ultrastructure of the arolium were analysed using transmitted 
and incident light microscopy, confocal laser scanning microscopy (CLSM), scanning 
electron microscopy (SEM), focused ion beam microscopy (FIB microscopy), 
transmission electron microscopy (TEM) and micro-computed tomography (µCT).  
The light microscopic analysis of semi-thin sagittal sections through the whole 
pretarsus confirmed the layered structure of the cuticula at the adhesive area of the 
arolium composed of the uppermost epicuticula, the fibrous procuticula, the subjacent 
endocuticula, the epidermis and a hemolymph filled region (Figure 3.5a) (Bennemann et 
al. 2011, Bennemann et al. 2014). SEM analyses of semi-thin sections with epoxy resin 
etched off confirmed this subdivision into different layers (Figure 3.5b). There is a 
disagreement in literature about the nomination of the fibrous layer subjacent to the 
epicuticula. In this study this layer is called procuticula following the nomination in 
publications of Dr. Walter Federle and colleagues (Clemente and Federle 2008, Dirks 
and Federle 2011b, Dirks et al. 2012).  
The fibrous structure of the procuticula was investigated using light microscopy, 
CLSM and FIB microscopy. The light microscopic analysis showed that the procuticula 
contains fibres, so called principal rods, which originate at the subjacent endocuticula 
and branch tree-like into fine fibres connected to the epicuticula (Figure 3.6b) 
(Bennemann et al. 2011, Bennemann et al. 2014). CLSM and FIB microscopy enabled the 
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analysis of samples of a higher thickness and thereby deeper insights into the 
orientation of the fibres in the procuticula were obtained (Figure 3.6a,c, Figure 3.7, 
Figure 3.8). In the proximal to distal orientation the principal rods are arranged in an 
angle of about 16° (± 1.6°, Table 8.2, Figure 3.6a) at their origin at the endocuticula and 
this inclination of the branches towards the endocuticula increase with further 
branching up to about 57° (± 3.9°, n=3, Table 8.3, Figure 3.9, Bennemann et al. 2014) at 
the epicuticula. In left to right orientation the fibres are orientated perpendicularly to 
the epicuticula (Figure 3.8b). Besides, in the left to right orientation it is visible that 
bundles of fibres ramify into finer and finer fibres (Figure 3.8b). In both orientations the 
fibres seem to be connected by few crosslinks (Figure 3.8), which suggests that the 
individual branches cannot be moved completely independently. Below the grooves in 
the arolium none of the finest fibres are located (Figure 3.8b) (Bennemann et al. 2014). 
The basis of the principle rods is about 1 µm (± 136 nm, Table 8.4) in diameter 
(Bennemann et al. 2011). 
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Figure 3.5: Sagittal sections through entire pretarsi. The layered construction of the arolium 
cuticula is cognizable. a light microscopic image of a semi-thin sagittal section through the 
pretarsus, b SEM image of a semi-thin sagittal section through the pretarsus with epoxy resin 
etched off. EPI=epicuticula, PRO=procuticula, EN=endocuticula, ED=epidermis, HE=hemolymph. 
Scale bars: a & b=100 µm (image a modified after Bennemann et al. 2014). 
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Figure 3.6: Fibrous structure in the procuticula of the arolium. a CLSM image of an about 10-15 
µm thick, longitudinal section through an arolium. The principal rods with their first and second 
branching can be seen, b light microscopic image of a semi-thin section through an arolium. It is 
recognizable how the principal rods ramify into fine fibres, c SEM image taken during FIB 
treatment. Further branchings of the fibres in the procuticula can be seen. Scale bars: a=40 µm, 
b=10 µm, c=10 µm (images a and b modified after Bennemann et al. 2011, image c taken by 
Angelika Sehrbrock). 
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Figure 3.7: Secondary electron images of a FIB treated arolium. a location of the FIB treatment 
on the arolium (indicated by a black arrow), b FIB treatment in detail. I proximal to distal 
orientation, II left to right orientation. Scale bars: a=200 µm, b=10 µm (image b modified after 
Bennemann et al. 2014, images a and b taken by Daesung Park). 
 
 
Figure 3.8: Secondary electron images of the fibrous inner structure of the arolium. The shown 
cutting edges were prepared by focused ion beam. a fibrous structure in the proximal to distal 
orientation. The fibres are orientated in an angle to the epicuticula, b fibrous structure in the left 
to right orientation. The fibres are orientated about perpendicularly to the epicuticula. Bundles 
of fibres ramify into finer and finer fibres. The image was taken in an angle of 82° to the cutting 
edge. Scale bars: a=5 µm, b=10 µm (modified after Bennemann et al. 2014, images a and b taken 
by Daesung Park). 
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The SEM analysis of semi-thin sagittal sections with epoxy resin etched off was used 
to get more detailed insights into the procuticula and the epicuticula. These analyses 
yield in detailed insights into the geometry and the branching of the fibres and their 
connection to the epicuticula (Figure 3.9). The thinnest branches, measured in SEM 
images of semi-thin sagittal sections with epoxy resin etched off (Figure 3.9), have a 
diameter of about 104 nm (± 13.8 nm, n=2, Table 8.5) and near the epicuticula the fibres 
are very closely packed and are connected to each other. The total length of the rods 
including all branching levels is about 74.5 µm (± 4.9 µm, Table 8.6, Bennemann et al. 
2011). The epicuticula has a thickness of about 225 nm (± 50.47 µm, n=3, Table 8.7, 
Bennemann et al. 2014) and an amorphous appearance in SEM images (Figure 3.9).  
To get even more detailed insights into the procuticula and the epicuticula these 
layers were analysed by TEM. The thinnest fibrous structures in the procuticula in TEM 
images, interpreted as branches of the principal rods (Figure 3.10), are about 24 nm 
thick (± 3.8 nm, Table 8.8, Bennemann et al. 2011). In TEM images it is visible that the 
epicuticula is composed of the inner epicuticula and the cuticulin layer (Figure 3.10). In 
the TEM images the cuticulin layer appears dark and unstructured and it has a thickness 
of about 24 nm (± 3 nm, Figure 3.10, Table 8.9, Bennemann et al. 2011). Besides, in TEM 
images of the epicuticula even finer, fibrous and spirally structures with a diameter of 
about 14.9 nm (± 4 nm, Table 8.10) can be seen (Figure 3.10, Bennemann et al. 2011).  
Considering the results of all microscopic techniques the principal rods branch about 
seven times (Figure 3.6, Figure 3.8, Figure 3.9, Figure 3.10). 
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Figure 3.9: Final branching of the fibres in the procuticula. a & b SEM images of semi-thin 
sagittal sections from which the epoxy resin was etched off. The thinnest branches and their 
connection to the adjacent epicuticula can be seen. Scale bars: a=2 µm, b=4 µm (image a 
modified after Bennemann et al. 2014, image b modified after Bennemann et al. 2011). 
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Figure 3.10: Final branching of the fibres in the procuticula and the ultrastructure of the 
adjacent epicuticula. a & b TEM images showing the thinnest branches of the principal rods, the 
epicuticula containing thin, fibrous and spirally structures and the about 24 nm thin 
superimposed cuticulin layer. PRO=procuticula, EPI=epicuticula, CL=cuticulin layer. Scale bars: 
a & b=1 µm (image a modified after Bennemann et al. 2011). 
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The copula-like structures at the distal edge of the kidney shaped adhesive area of the 
arolium were analysed using light microscopy and SEM of semi-thin sagittal sections 
with epoxy resin etched off. The light microscopic analysis of the copula-like structures 
revealed that the copula-like structures have a much thicker epicuticula than the 
adhesive area of the arolium and that their epicuticula is also supported by a fibrous 
procuticula (Figure 3.11b). In the SEM analysis more details of the ultrastructure of the 
copula-like structures were revealed. Distal from the step-like structure, between the 
adhesive area and the copula-like structure, the epicuticula gradually changes its 
appearance into the copula-like morphology (Figure 3.11a,b,d). The fibres in the 
procuticula distal from the step-like structure are orientated about perpendicular to the 
epicuticula (Figure 3.11d). The epicuticula of the copula-like structures has a thickness 
of about 664 nm (± 87 nm, Figure 3.11b,c, Table 8.11) and the cupola-like structures 
have a height of about 3.6 µm (± 0.44 µm, Table 8.12) and a width of 3.8 µm (± 0.81 µm, 
Table 8.12). 
 
Figure 3.11: Cupola-like structures located distally to the kidney shaped adhesive area of the 
arolium. a, c & d SEM images of semi-thin sagittal sections from which the epoxy resin was 
etched off, b light microscopic image, a, b & d junction from the adhesive area to the area 
showing the cupola-like structures delimited by a step-like structure. Behind the step a 
gradually shift from the smooth to the cupola-like structure can be seen, c fibrous inner 
structure of the cupola-like structure. Scale bars: a=40 µm, b=20 µm, c=4 µm, d=20 µm.  
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The structures in the hemolymph filled region, assumed as gland cells, which might 
produce the adhesive liquid, were analysed using incident light microscopy, TEM and 
µCT. Incident light microscopy was used to analyse an embedded tarsus, which was cut 
open from the ventral side to get three-dimensional insights of the hemolymph filled 
region of the arolium. Inside the arolium, subjacent to the proximal corner of the 
adhesive area, the epidermis forms finger-like shaped protuberances into the 
hemolymph filled region (Figure 3.5, Figure 3.12a). The localization of these 
protuberances and further structures, which might be gland cells, were marked in the 
Amira®-model of the tarsus of C. morosus (Figure 3.13) resulting on the data obtained 
from µCT analysis. The TEM analysis of the inner surface of these finger-like shaped 
protuberances revealed that this surface is lined by fibrous structures with diameters of 
about 73 nm (± 11.1 nm, Figure 3.12b, Table 8.13).  
 
Figure 3.12: Morphology and ultrastructure of the finger-like shaped protuberances inside the 
arolium. a incident light microscopic image of an in epoxy resin embedded open cut pretarsus 
showing finger-like shaped protuberances coming from the epidermis, b TEM image of the inner 
surface of the finger-like shaped protuberances. FSP=finger-like shaped protuberances, 
MV=microvilli. Scale bar: b=2 µm.  
 
Figure 3.13: Amira®-model in which structures inside the arolium assumed for gland cells, 
which might produce the adhesive liquid, are highlighted in red (µCT raw data compiled by 
Peter Göddertz). a front view on the pretarsus, b side view on the pretarsus.  
3. Results 
 
68 
 
The morphology and the ultrastructure of the hairy adhesive organs on the ventral 
side of the first, second, third and the fourth tarsal segment (Figure 3.1a), belonging to 
the euplantulae, were analysed using transmitted light microscopy, CLSM and SEM. SEM 
was used to analyse the morphology of the whole euplantulae and their hairy structures 
(Figure 3.14). In this study the hairy structures on the euplantulae were assigned to the 
acanthae, because the hairy structures show the most accordances with the definition of 
acanthae amongst all cuticula protuberances. Acanthae were defined as unicellular 
processes (Richards 1965, Hepburn 1969, cited in: Gorb 2001), which are a few 
micrometres to at most 0.5 mm high and lack a socket and a sensory cell. The hairy 
structures on euplantulae of C. morosus have a height of about 7.1 µm (± 0.72 µm, Table 
8.14, Bennemann et al. 2011) and at their base a width of about 1.98 µm (± 0.2 µm, n=2, 
Table 8.15) and at their tips of about 352 nm (± 125.86 nm, n=2, Table 8.15). Besides, 
the hairy structures on the euplantulae lack a socket and no hints on sensory cells were 
found. It could not be revealed if the hairy structures are uni- or multicellular processes.  
The ultrastructure of the euplantulae was analysed based on freeze fractures, semi-
thin sagittal sections with epoxy resin etched off and 80 µm thick longitudinal sections 
using SEM, light microscopy and CLSM. The SEM analysis of HMDS dried freeze fractures 
through euplantulae revealed a sponge-like inner structure (Bennemann et al. 2011) 
with a preferred orientation of the spongy structure opposed to the slightly distally 
angled orientation of the acanthae (Figure 3.15). But using light microscopy, a fibre 
dominated ultrastructure was found (Figure 3.16, Figure 3.19a, Bennemann et al. 2011). 
To analyse if the euplantulae show a sponge-like or a fibre dominated ultrastructure, the 
euplantulae were analysed using SEM of semi-thin sagittal sections with epoxy resin 
etched off and CLSM. The CLSM analysis supports the fibrous dominated inner structure 
(Figure 3.19b), but in semi-thin sagittal sections from which the resin was etched off a 
needle-like structure was revealed in the SEM (Figure 3.17, Figure 3.18, Figure 3.20). 
Above that, these samples show fibrous lengthenings of the acanthae right under the 
epicuticula with about one and a half of the length of the acanthae (Figure 3.20). The 
SEM analysis of semi-thin sagittal sections also revealed that the acanthae of C. morosus 
are solid inside showing no canal-like structures leading from inside the euplantulae to 
the tips of the acanthae (Figure 3.18). However, between the acanthae canals with an 
inner diameter of about 869 nm (± 119 nm, n=3, Figure 3.17b, Figure 3.18, Table 8.16), 
leading from the epicuticula into the euplantulae, were exposed in the SEM analysis. 
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Figure 3.14: SEM images of euplantulae on a HMDS dried tarsus of C. morosus. a euplantulae on 
the second tarsal segment, b acanthae on euplantulae. Scale bars: a=100 µm, b=4 µm (image a 
modified after Bennemann et al. 2011).  
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Figure 3.15: SEM images of HMDS dried freeze fractures through euplantulae. a freeze fracture 
through whole euplantulae, b distally orientated acanthae and spongy inner structure of the 
euplantulae. Scale bars: a=100 µm, b=10 µm (image b modified after Bennemann et al. 2011). 
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Figure 3.16: Light microscopic images of semi-thin cross sections through euplantulae. a cross 
section through a whole tarsus on the height of euplantulae, b cross section though the adhesive 
area of euplantulae. The layers subjacent the epicuticula covered with acanthae show a fibrous 
ultrastructure (grey) and fibrous lengthenings of the acanthae (black) can be seen right under 
the epicuticula. Scale bars: a=60 µm, b=10 µm.  
 
 
Figure 3.17: SEM images of semi-thin cross sections through euplantulae from which the epoxy 
resin was etched off. a cross section through a whole tarsus on the height of euplantulae, b cross 
section though the adhesive area of euplantulae showing a needle-like ultrastructure subjacent 
to the epicuticula and a canal-like structure leading from the surface of the euplantulae inside. 
Scale bars: a=200 µm, b=10 µm.  
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Figure 3.18: SEM images of semi-thin cross sections through euplantulae from which the epoxy 
resin was etched off. a & b cross sections through acanthae showing a solid material with no 
canals. But canal-like structures can be seen between the acanthae leading from the surface of 
the euplantulae inside. C=canal-like structure. Scale bars: a & b=4 µm. 
 
 
Figure 3.19: Microscopic images of about 80 µm thick longitudinal sections through 
euplantulae. a light microscopic image showing a fibrous inner structure right under the 
epicuticula with about one and a half of the height of the acanthae, b CLSM image showing a 
fibrous inner structure right under the epicuticula with about one and a half of the height of the 
acanthae. Scale bars: a & b=10 µm (image a modified after Bennemann et al. 2011). 
 
 
Figure 3.20: SEM images of semi-thin cross sections through euplantulae from which the epoxy 
resin was etched off. a & b fibrous lengthenings of the acanthae under the epicuticula with about 
one and a half of the length of the acanthae. Scale bars: a & b=4 µm. 
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3. Results  
3.2 Attachment force measurements of stick insects 
The attachment forces of stick insects were measured using a centrifugal force 
measurement device equipped with a turning plate with a horizontal test surface and a 
turning box with vertical test surfaces. The turning plate was used to measure the total 
attachment force including the contribution of frictional forces between the arolia and a 
substrate, comparable to the condition when a stick insect adheres on a vertical wall. 
The turning box was used to determine the adhesion force of stick insects without the 
contribution of frictional forces between the arolia and a substrate, comparable to the 
condition when a stick insect adheres upside down on a ceiling.  
The measurements of the attachment forces using the turning plate resulted in 
different high attachment forces for the different rough polishing papers. The 
differences in attachment forces were only significant between the roughnesses 0.3 µm 
and 1 µm and between the roughnesses 3 µm and 9 µm (Table 3.1, Figure 3.21). The 
average lowest attachment forces were performed on polishing paper with a roughness 
of 1 µm and the average highest attachment forces were measured on a polishing paper 
with a roughness of 9 µm.  
The adhesion forces measured using the turning box were similar for all different 
polishing papers (Table 3.1, Figure 3.21). Only between the roughnesses 1 µm and 3 µm 
and between the roughnesses 9 µm and 12 µm significant differences in the adhesion 
force were measured (Table 3.1, Figure 3.21). The average lowest adhesion forces were 
performed on polishing paper with a roughness of 1 µm and the average highest 
attachment forces were measured on a polishing paper with a roughness of 9 µm, too.  
The attachment forces measured using the turning plate were about 3.6 times higher 
than those measured with the turning box (Table 3.1, Figure 3.21). The attachment 
forces of all stick insects on all polishing papers are denoted in tables 8.18 to 8.27. 
In the visualisation of the contact area of arolia to a substrate (chapter 3.3) it was 
determined that the contact area of all six arolia of stick insects as used in the adhesion 
force measurements with an average weight of 18.7 mg was about 0.1 mm². In the 
measurement of this surface area the different roughnesses of the polishing papers were 
not considered and this surface area was measured using stick insects adhering upside 
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down and not upright or perpendicular as the stick insects in the adhesion force 
measurements. Besides, during pull off the contact areas might increase (Dirks et al. 
2012). However, assuming a contact area of 0.1 mm² between the arolia and the 
substrates, the stick insects performed a maximal adhesion force, without any frictional 
component, of up to about 1 N/ cm² and a maximal attachment force including frictional 
forces of up to about 3.3 N/ cm², both measured on substrates with a roughness of 9 µm. 
Plotting the distances between the stick insects and the centre of rotation at 
detachment against their attachment forces, there is no trend observable that at lower 
distances higher attachment forces were performed (Figures 8.1-8.5). This could imply 
that the airflow acting on the stick insects during the measurements using the turning 
plate, which is the bigger the larger the distance between the stick insect and the centre 
of rotation, does not effect an earlier detachment of the stick insects at higher distances 
from the centre of rotation. The linear regression lines, inserted in these diagrams, show 
a very slight trend to higher attachment forces at smaller distances, the other way 
around or almost no trend (Figures 8.1-8.5).  
 
Table 3.1: Average attachment forces of stick insects determined in the measurements using the 
turning plate and the turning box on substrates of different roughnesses. Significant differences 
between the attachment forces performed on the different polishing papers are highlighted in 
red. g=gravitational acceleration. The raw data are given in tables 8.18 to 8.27.  
attachment 
force 
measurement 
roughness of 
the substrate 
[µm] 
average normed 
attachment force 
[g] 
standard 
deviation 
[g] 
unpaired two-tailed 
t-test 
turning plate 
(horizontal 
test surface) 
0.3 17.52 7.5 0.00429  
1 11.33 6.79 0.26826 
3 13.56 7.05 0.00241 
9 19.09 6.89 0.82357 
12 18.69 7.78  
turning box 
(vertical test 
surfaces) 
0.3 4.18 2.65 0.18152  
1 3.25 2.06 0.02438 
3 4.57 1.89 0.05108 
9 5.48 1.53 0.03524 
12 4.63 1.16  
 
The high speed videos recorded during the attachment force measurements revealed 
that the stick insects did not stand still during the attachment force measurements, but 
they searched consecutively with one leg for better attachment (Figure 3.22).  
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Figure 3.21: Attachment forces of stick insects. a attachment forces measured with the turning 
plate, b adhesion forces measured with the turning box. Significant differences tested by 
unpaired, two-tailed t-test: * significant (5%), ** highly significant (1%). The ends of the boxes 
define the 25th and 75th percentiles, with a line at the median and error bars to the maximum 
and minimum values. Outlier were marked as points and are defined as Zu=Q1-1.5*(Q3-Q1); 
Zo=Q3+1.5*(Q3-Q1) with Zu=outlier bottom, Zo=outlier top, Q1=25% quartile, Q3=75% quartile. 
g=gravitational acceleration.  
 
 
Figure 3.22: Single frames from a high speed video recording of a measurement of the 
attachment force on polishing paper with a roughness of 9 µm performed with the turning plate. 
The sequence shows that the stick insect did not stand still during the measurements, but it 
searched consecutively with one leg for better attachment. In frame a to f the front left leg is 
moving and from image h to i the hind left leg is moving. The images were recorded direct 
consecutively. 
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3 Results  
3.3 Contact area visualisation of arolia by epi-microscopy 
To visualise the contact area between arolia and a substrate, stick insects were placed in 
polystyrene Petri dishes so that they clung upside down on the upper Petri dish shells. 
The Petri dishes were placed in an incident light microscope and the tarsi of the stick 
insects were illuminated successively from above and below. Images taken at epi-
illumination were converted into black and white to determine the surface areas of the 
contact area of the arolia. The investigation was carried out with all arolia of six stick 
insects showing different weights to analyse if the contact areas of their arolia are 
proportional to their weights.  
In figure 3.23 the most representative contact areas of the six stick insects are shown. 
The contact areas were superimposed over images of the whole arolia taken at 
transmitted light. The contact areas only constitute a part of the arolium surface.   
 
Figure 3.23: Contact areas of arolia. Images composed of epi-illumination and transmission-
illumination images showing the most representative contact areas of six stick insects of 
different weight in reference to the whole arolia. Weights of the stick insects: a 3.9 mg,                  
b 18.0 mg, c 19.8 mg, d 33.5 mg, e 88 mg, f 245 mg. Scale bar=200 µm.  
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The contact areas of all six arolia of the six stick insects are displayed in figure 3.25. It 
is visible that not all contact areas were equal in size in one stick insect, but the 
differences in the contact areas were small except for each one arolia of the two lightest 
stick insects and for the arolia of the heaviest stick insect, which showed very different 
contact areas. The differences between all contact areas are illustrated in figure 3.24.  
The total contact areas of the individual stick insects including the contact areas of all 
six arolia are linear proportionally to the weights of the single stick insects (Figure 3.26). 
The ratio between the weight and the contact area in reference to the weights of the 
stick insects is shown in figure 3.27. The red line in this figure shows the average ratio 
between the weights and the contact areas of the stick insects. This line is about in the 
middle between all data points confirming a linear relationship between the weights and 
the contact areas of the stick insects. The contact areas of all arolia are given in table 
8.28.  
 
Figure 3.24: Surface areas of the contact areas of all arolia of six stick insects of different weight 
plotted against the corresponding legs of the stick insects. The weights of the stick insects are 
denoted in the legend. The contact areas of the arolia of the individual stick insects are quite 
equally among each other except from each one arolium of the stick insects with the weights of 
3.9 mg and 18 mg and the arolia of the stick insect with the weight of 245 mg. 
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Figure 3.25: Contact areas of all six arolia of six stick insects of different weight clinging upside 
down. The images were taken at epi-illumination, were edited in gimp and were converted into 
black and white to determine the surface areas of the contact areas. Weights of the stick insects: 
a 3.9 mg, b 18.0 mg, c 19.8 mg, d 33.5 mg, e 88 mg, f 245 mg. Scale bar=200 µm.  
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Figure 3.26: Total contact areas of all six arolia of each stick insect of different weight plotted 
against the weight of the individual stick insects (3.9, 18.0, 19.8, 33.5, 88, 245 mg). The 
regression line illustrates the linear proportional relationship between the contact areas and the 
weights of the stick insects. In the upper right corner the functional equation is given.  
 
Figure 3.27: Relation of the weight of the stick insects to the total contact areas of all their six 
arolia plotted against their weight. The red line shows the average ratio between the weights 
and the contact areas of the stick insects. This line is about in the middle between all data points 
confirming a linear relationship between the weights and the contact areas of the stick insects. 
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3 Results  
3.4 Young´s modulus of the epicuticula 
 
To determine the Young´s modulus of the epicuticula of the arolium covering its 
adhesive area, this part of the epicuticula was stretched in tensile tests. Therefore stick 
insects were placed on a latex membrane upside down with at least one arolium 
adhering parallel to one of the edges of the latex membrane. Subsequently, the latex 
membrane was stretched and the resulting elongation of the contact area between the 
arolium and the latex membrane was recorded using epi-illumination (Bennemann et al. 
2014).  
Eleven tensile tests in which arolia were stretched parallel to their width (i.e. left to 
right; denoted as transversal tensile tests) were included in the evaluation. Eight of 
these tensile tests were carried out by Stefan Backhaus (Backhaus 2013). In these 
tensile tests the contact areas did not change their positions towards reference points on 
the latex membrane and no structures of the latex membrane appeared next to the 
contact areas during stretching, which had been under the contact areas at the 
beginning of the stretching (Figure 3.28) (Bennemann et al. 2014 and 2015).  
 
 
Figure 3.28: Epi-illumination images of the tensile test “transversal 3”. a image at the beginning 
of the stretching, b image at the end of the stretching. In both images the contact area of the 
arolium to the latex membrane is visible (dark grey). The red lines indicate the distances 
measured to determine the elongation of the width of the contact area and the green lines 
indicate the distances measured to determine the elongation of the latex membrane. The green 
lines are defined by two reference points on the latex membrane (encircled in violet). The 
arolium did not slide on the latex membrane visible at the position to the two reference points 
on the latex membrane highlighted by blue arrows. The red line in image a measures 208 µm 
(modified after Bennemann et al. 2014 and 2015). 
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Figure 3.29: Epi-illumination images of the tensile tests “transversal 1, 2 and 4”. a-b transversal  
1, c-d transversal 2, e-f transversal 4. a, c, e images at the beginning of the stretching, b, d, f  
images at the end of the stretching. In all images the contact areas of the arolia to the latex 
membrane are visible (dark grey) and in a and b the anterior part of the tarsus is visible (light 
grey). The red lines indicate the distances measured to determine the elongations of the widths 
of the contact areas and the green lines indicate the distances measured to determine the 
elongations of the latex membrane. The green lines are defined by two reference points on the 
latex membrane (encircled in blue). The red line in image a measures 102.1 µm. All images were 
taken in the same magnification (image e and f modified after Backhaus 2013).  
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This means that the arolia did not slide on the latex membrane during the 
experiments (Bennemann et al. 2014 and 2015) (see also Backhaus 2013). Furthermore, 
there were no large changes in the angles between the tarsi and the contact areas during 
stretching and no large changes of the contours of the contact areas occurred during 
stretching (Figure 3.28, Figure 3.29) (Bennemann et al. 2014) (see also Backhaus 2013). 
In a few transversal tensile tests the contact areas got shorter during the stretching 
(data not shown) (see also Backhaus 2013). These experiments were excluded from the 
evaluation, because it was assumed that in these experiments there was only weak 
contact between the arolia and the latex membrane.  
In most tensile tests in which arolia were stretched parallel to its length (i.e. distal to 
proximal; denoted as longitudinal tensile tests) the contact areas increased only very 
little or not at all in length and often the orientation of the tarsi to the contact areas 
changed much (Figure 3.30). Therefore the determination of the Young´s modulus of the 
cuticula in longitudinal direction was not possible (Bennemann et al. 2014). In a few 
longitudinal tensile tests the lengths of the contact areas remained unchanged or got 
shorter while their widths increased (Figure 3.31).  
 
 
Figure 3.30: Epi-illumination images taken during a longitudinal tensile test. In the course of the 
tensile test the tarsus changed its angle towards the contact area. The contact area is visible in 
dark grey and the tarsus in light grey. The images were recorded during the stretching at the 
time (t): a t=38 s, b t=50 s, c t=60 s, d t=73 s. In the first 38 seconds during the tensile test nearly 
no changes in the contact area were visible. The direction of stretching was in line with the 
tarsus.  
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Figure 3.31: Epi-illumination images taken during a longitudinal tensile test showing an 
increase in the width of the contact area while its length remained unchanged. In the course of 
the tensile test the tarsus changed its position towards the contact area visible at the decreasing 
distance between the top edge of the contour of the contact area and the top edge of the contour 
of the tarsus visible in light grey. The images were recorded during the stretching at the time (t): 
a t=0 s, b t=17 s, c t=31 s, d t=41 s. The direction of stretching was in line with the tarsus. 
 
To determine the elongations of the contact areas and the latex membrane during the 
transversal tensile tests the widths of the contact areas and the distances between two 
reference points on the latex membrane were measured at the beginning and the end of 
the tensile tests and at two time points in between (Figure 3.28, Figure 3.29, Table 3.2). 
The measurements at the two time points in between were carried out by Stefan 
Backhaus (Backhaus 2013). In the transversal tensile tests the latex membrane was 
stretched about 21.8% (± 3.3%, n=11, Table 3.2), while the arolia adhering on the latex 
membrane were stretched about 12.0% (± 3.7%, n=11, Table 3.2), which corresponds to 
an elongation of 55.8% (± 14.9%, n=11, Table 3.2) of the elongation of the latex 
membrane (Bennemann et al. 2014 and 2015).  
The elongations of the latex membrane and the elongations of the contact areas 
during the tensile tests were relatively constant over time (Figure 3.32, Figure 3.33). 
Further, the relationship between the widths of the contact areas and the lengths of the 
latex membrane was quite linear over time (Figure 3.34). Plotting the percentage 
elongations of the contact areas in reference to the percentage elongations of the latex 
membrane against time it becomes obvious that the elongations of the cuticulae at the 
beginning of the tensile tests were higher than at the end (Figure 3.35, see also Backhaus 
2013). At the beginning of two tensile tests (trans 4 and trans 7) a higher percentage 
elongation of the cuticula than of the latex membrane took place (see also Backhaus 
2013). An elongation of the cuticula above 100% compared to that of the latex 
membrane at the beginning of the tensile tests might be founded in an oscillating 
movement of the stick insects at the beginning of the tensile tests causing little changes 
in the contact areas observed in a few tensile tests. For that reason these tensile tests 
were not excluded from the evaluation. 
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Table 3.2: Widths of the contact areas and the distances between two reference points on the 
latex membrane measured for the evaluation of the eleven transversal tensile tests at their 
beginnings and their ends and at two time points in between. The percentage elongations of the 
contact areas and the latex membrane are given, both normalised on 100% at the beginnings of 
the stretchings. The means and the standard deviations refer to the values at the ends of the 
tensile tests. The widths denoted for the arolia for the first images of trans 3 and 4 are slightly 
different to the widths denoted in table 2.1, because the values originate from different 
measurements. trans=transversal tensile test (modified after Bennemann et al. 2014, trans 4 to  
trans 11 see also Backhaus 2013). 
tensile 
tests 
image time during 
stretching 
[s] 
width 
arolium 
[µm] 
elongation 
arolium 
[%] 
length latex 
membrane 
[µm] 
elongation 
latex 
membrane  
[%] 
relation 
width 
arolium :  
length latex 
membrane 
relation 
elongation 
arolium : 
elongation 
latex 
membrane 
trans 1 1 0 102.1 100.0 443.0 100.0 23.0 0.0 
  2 15 106.2 104.1 461.8 104.2 23.0 95.6 
  3 34.5 113.2 110.8 497.1 112.2 22.8 88.8 
  4 56 121.5 119.0 555.5 125.4 21.9 75.0 
trans 2 1 0 128.1 100.0 570.1 100.0 22.5 0.0 
  2 10.5 135.8 106.0 602.8 105.7 22.5 104.7 
  3 20.5 140.6 109.8 638.5 112.0 22.0 81.5 
  4 32 145.4 113.5 679.7 119.2 21.4 70.4 
trans 3 1 0 208.0 100.0 467.1 100.0 44.5 0.0 
  2 16.5 220.0 105.8 503.6 107.8 43.7 73.9 
  3 34 234.0 112.5 543.7 116.4 43.0 76.2 
  4 46.5 247.0 118.7 575.6 123.2 42.9 80.6 
trans 4 1 0 169.5 100.0 602.8 100.0 27.9 0.0 
  2 11 177.2 104.5 623.1 103.4 28.4 135.5 
  3 31 183.0 108.0 681.8 113.1 26.8 60.7 
  4 48 187.4 110.6 728.0 120.8 25.7 50.9 
trans 5 1 0 176.5 100.0 668.3 100.0 26.1 0.0 
  2 11 184.9 104.7 708.8 106.1 26.1 78.4 
  3 26 187.8 106.4 755.0 113.0 24.9 49.2 
  4 43 191.3 108.4 816.6 122.2 23.4 37.9 
trans 6 1 0 158.4 100.0 620.2 100.0 25.5 0.0 
  2 19 166.2 104.9 683.7 110.2 24.3 48.1 
  3 32.5 172.0 108.6 731.9 118.0 23.5 47.6 
  4 45.5 172.0 108.6 782.0 126.1 22.0 32.9 
trans 7 1 0 161.1 100.0 639.4 100.0 25.2 0.0 
  2 13 168.5 104.6 656.8 102.7 25.7 169.8 
  3 30 172.4 107.0 724.2 113.3 23.8 52.8 
  4 52 182.3 113.2 801.2 125.3 22.8 52.0 
trans 8 1 0 162.7 100.0 779.4 100.0 20.9 0.0 
  2 16 166.6 102.4 818.6 105.0 20.4 47.1 
  3 34 177.7 109.2 884.3 113.5 20.1 68.1 
  4 42 179.1 110.1 907.8 116.5 19.7 61.0 
trans 9 1 0 160.1 100.0 752.4 100.0 21.3 0.0 
  2 16 167.6 104.6 787.7 104.7 21.3 98.6 
  3 39 173.1 108.1 837.8 111.4 20.7 71.0 
  4 57 175.0 109.3 871.8 115.9 20.1 58.3 
trans 10 1 0 167.3 100.0 579.1 100.0 28.9 0.0 
  2 11 170.5 101.9 617.3 106.6 27.6 28.3 
  3 26 175.3 104.7 670.2 115.7 26.1 30.1 
  4 39 182.0 108.8 713.9 123.3 25.5 37.7 
trans 11 1 0 123.3 100.0 543.7 100.0 22.7 0.0 
  2 11 124.9 101.3 576.8 106.1 21.7 21.8 
  3 20 129.7 105.2 604.3 111.1 21.5 47.0 
  4 38 138.4 112.3 661.1 121.6 20.9 56.8 
mean 45.4 174.7 112.0 735.7 121.8 24.2 55.8 
standard deviation 7.3 31.3 3.7 108.1 3.3 6.2 14.9 
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Figure 3.32: Percentage elongation of the contact areas over time. trans=transversal tensile test 
(trans 4 to trans 11 see also Backhaus 2013).  
 
Figure 3.33: Percentage elongation of the latex membrane over time. trans=transversal tensile 
test (trans 4 to trans 11 see also Backhaus 2013).   
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Figure 3.34: Relation between the widths of the contact areas and the distances between the 
two reference points on the latex membrane over time. trans=transversal tensile test (trans 4 to 
trans 11 see also Backhaus 2013).  
 
Figure 3.35: Relation between the percentage elongations of the contact areas in reference to 
the percentage elongations of the latex membrane over time. trans=transversal tensile test 
(trans 4 to trans 11 see also Backhaus 2013).  
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Finite element simulation 
The Young´s moduli of the cuticulae of the stick insects used in the first four tensile tests 
were determined using finite element simulations. To compute these Young´s moduli the 
geometry of the latex membrane and the parts of the cuticulae, which were in contact to 
the latex membrane during the tensile tests and partly their surroundings, were 
transferred into four finite element simulations with different cuticula-geometries 
(Figure 2.6).  
 In these simulations the latex membranes were stretched to the same amounts as in 
the single tensile tests (Figure 3.36) and the values of the Young´s moduli of the 
cuticulae in the finite element simulations were adjusted till these cuticulae showed the 
same elongations as the contact areas in the single tensile tests.  
 
Figure 3.36: Exemplary deformation of the whole latex membrane during a finite element 
simulation. a undeformed latex membrane, b deformed latex membrane. The displacements 
acted on the top and bottom edge of the latex membrane. At the point where the cuticula is 
connected to the latex membrane the rectangles of the mesh of the latex membrane become 
smaller.  
 
The finite element simulations of the first four transversal tensile tests resulted for 
the cuticulae in the following Young´s moduli: The Young´s modulus of the cuticulae 
with CGI had to be adjusted on about 173.4 MPa (± 135.8 MPa, n=4, Figure 3.37, Table 
3.3, Bennemann et al. 2014). The finite element simulation using CGII resulted in a 
Young´s modulus for the cuticulae of about 6.6 MPa (± 3.7 MPa, n=4, Figure 3.38, Table 
3.3). The higher thickness of the cuticulae in the finite element simulations with CGII 
lead to much lower Young´s moduli. The Young´s moduli decreased quite equally in all 
simulations from CGI to CGII by about 96.2%. The finite element simulations with CGIII 
resulted in a Young´s modulus for the outer 400 nm thin cuticulae of 169.0 MPa (± 145.5 
MPa, n=4, Figure 3.39, Table 3.3). For three tensile tests the Young´s moduli determined 
for the CGIII were lower than the Young´s moduli determined for the CGI, in the fourth 
test it was a little higher. Generally a higher thickness of the cuticula should be 
associated with a reduced Young´s modulus of the cuticula.  
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The reduction of the Young´s moduli of the upper thin cuticulae from CGI to CGIII was 
the higher the lower the Young´s moduli determined for the cuticulae in the simulations 
with CGII. The finite element simulations using CGIV had to be adjusted on a Young´s 
modulus of 27.3 MPa (± 26.2 MPa, n=4, Figure 3.40, Table 3.3, Bennemann et al. 2014). 
From the simulations with CGI to CGIV the mean percentage reduction of the Young´s 
modulus was 84.3%. The reduction of the Young´s modulus from the simulations with 
CGIII to CGIV, based on the additional surroundings, was 83.8%. 
During the adjustments of the Young´s moduli mostly the same minimal and maximal 
Young´s moduli were inputted in the simulations with the same cuticula-geometry. 
Plotting the inputted Young´s moduli against the percentage elongation of the cuticula 
resulted in diagrams, in which the data points could be connected with a polynomial 
graph of third degree (Figure 3.41, Figure 3.42, Figure 3.43, Figure 3.44). The data points 
of the tensile tests transversal 4 simulated with CGIII showed a discrepancy to this kind 
of function, because the graph of these points showed a low point, which should not 
occur plotting the Young´s moduli of the cuticula against the percentage elongation of 
the cuticula (Figure 3.44). 
Plotting the percentage elongations of the cuticulae of the first four tensile tests in 
reference to the percentage elongations of the latex membrane against the Young´s 
moduli determined for the different cuticula-geometries resulted in data points, which 
could be connected with linear graphs (Figure 3.45). For that reason the Young´s moduli 
of the cuticulae of the further seven transversal tensile tests were calculated based on 
the results of the finite elements simulations of the first four tensile tests (Bennemann et 
al. 2014). In the diagrams plotting the percentage elongation of the cuticula in reference 
to the percentage elongation of the latex membrane against the determined Young´s 
moduli linear regression lines and their functional equations were inserted using Excel 
2010 (Figure 3.45). These functional equations were used to calculate the Young´s 
moduli of the remaining seven tensile tests using their percentage elongation of the 
cuticula in reference to the percentage elongation of the latex membrane. These 
estimations resulted in the Young´s moduli denoted in table 3.3.  
Combining the results for the Young´s moduli determined by finite element 
simulation and the Young´s moduli estimated by using the results of the finite element 
simulations, led for the different cuticula-geometries to the following Young´s moduli: 
CGI:  329.9 MPa (± 167.5 MPa, Bennemann et al. 2014); CGII: 26.8 MPa (± 15 MPa); 
CGIII: 337.2 MPa (± 179.9 MPa); CGIV: 58.7 MPa (± 33.3 MPa, Bennemann et al. 2014) 
(Table 3.3, Figure 3.46). The finite element simulations resulted in most cases in higher 
Young´s moduli for the cuticulae with CGI than for the cuticulae with CGIII. Including the 
results of the estimation of the further seven tensile tests it is vice versa. This is true, 
because of the one high Young´s modulus determined in the finite element simulation of 
the tensile test transversal 4.  
A change of the Poisson´s ratio of the cuticula from 0.3 to 0.45 in the finite element 
simulation of the tensile test transversal 1 with CGI resulted in a Young´s modulus of 87 
MPa, which is an increase of about 38%. The raw data are given in tables 8.30 to 8.33.  
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Figure 3.37: Images of the finite element simulations of the tensile tests transversal 1-4 with 
CGI. a-b transversal 1, c-d transversal 2, e-f transversal 3, g-h transversal 4. a, c, e, g 
undeformed 400 nm thick cuticula (green) on a latex membrane (grey), b deformed cuticula 
after stretching the latex membrane about 25.4% and the adjustment of the Young’s modulus of 
the cuticula on 63 MPa, d deformed cuticula after stretching the latex membrane about 19.2% 
and the adjustment of the Young’s modulus of the cuticula on 223 MPa, f deformed cuticula after 
stretching the latex membrane about 23.2% and the adjustment of the Young’s modulus of the 
cuticula on 34.5 MPa,  h deformed cuticula after stretching the latex membrane about 20.8% and 
the adjustment of the Young’s modulus of the cuticula on 373 MPa (images e and f modified after 
Bennemann et al. 2014).  
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Figure 3.38: Images of the finite element simulations of the tensile tests transversal 1-4 with 
CGII. a-b transversal 1, c-d transversal 2, e-f transversal 3, g-h transversal 4. a, c, e, g 
undeformed cuticula, b deformed 8.37 µm thick cuticula after stretching the latex membrane 
about 25.4% and the adjustment of the Young’s modulus of the cuticula on 4 MPa, d deformed 
11.84 µm thick cuticula after stretching the latex membrane about 19.2% and the adjustment of 
the Young’s modulus of the cuticula on 9.9 MPa, f deformed 15.2 µm thick cuticula after 
stretching the latex membrane about 23.2% and the adjustment of the Young’s modulus of the 
cuticula on 2 MPa, h deformed 13.18 µm thick cuticula after stretching the latex membrane 
about 20.8% and the adjustment of the Young’s modulus of the cuticula on 10.5 MPa. 
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Figure 3.39: Images of the finite element simulations of the tensile tests transversal 1-4 with 
CGIII. a-b transversal 1, c-d transversal 2, e-f transversal 3, g-h transversal 4. a, c, e, g 
undeformed cuticula composed of a 400 nm thin cuticula (green) and a second thicker cuticula 
on top (red: a=7.97 µm, c=11.44 µm, e=14.8 µm, g=12.78 µm), b deformed cuticula after 
stretching the latex membrane about 25.4% and the adjustment of the Young’s modulus of the 
thin cuticula on 52 MPa, d deformed cuticula after stretching the latex membrane about 19.2% 
and the adjustment of the Young´s modulus on 220 MPa, f deformed cuticula after stretching the 
latex membrane about 23.2% and the adjustment of the Young´s modulus on 20 MPa,                      
h deformed cuticula after stretching the latex membrane about 20.8% and the adjustment of the 
Young´s modulus on 384 MPa. In the right down corners details of the layered CGIII are shown. 
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Figure 3.40: Images of the finite element simulations of the tensile tests transversal 1-4 with 
CGIV. a-b transversal 1, c-d transversal 2, e-f transversal 3, g-h transversal 4. a, c, e, g 
undeformed cuticula composed of a 400 nm thin cuticula (green) and a second thicker cuticula 
on top (red: a=7.97 µm, c=11.44 µm, e=14.8 µm, g=12.78 µm); the surroundings around both 
cuticulae were hidden to show the deformation of the lower cuticulae, b deformed cuticula after 
stretching the latex membrane about 25.4% and the adjustment of the Young’s modulus of the 
thin cuticula and its surrounding on 15 MPa, d deformed cuticula after stretching the latex 
membrane about 19.2% and the adjustment of the Young´s modulus on 21 MPa, f deformed 
cuticula after stretching the latex membrane about 23.2% and the adjustment of the Young´s 
modulus on 2 MPa, h deformed cuticula after stretching the latex membrane about 20.8% and 
the adjustment of the Young´s modulus on 71 MPa (images e and f modified after Bennemann et 
al. 2014).  
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Figure 3.41: Young´s moduli inputted for the cuticulae in the finite element simulations of the 
tensile test transversal 1 during the adjustments, plotted against the resulting percentage 
elongation of the cuticulae. In all diagrams polygonal trend lines of third degree were inserted. 
The points representing the Young´s moduli at which the cuticulae showed the desired 
percentage elongations were highlighted in red.  
 
-50
50
150
250
350
450
0 10 20 30
Y
o
u
n
g
´s
 m
o
d
u
lu
s 
o
f 
th
e
 c
u
ti
cu
la
 [
M
P
a
]
elongation of the cuticula [%]
Determination of the Young´s 
modulus in the simulation of 
transversal 1 with CGI
0
2
4
6
8
10
12
14
5 15 25 35Y
o
u
n
g
´s
 m
o
d
u
lu
s 
o
f 
th
e
 c
u
ti
cu
la
 [
M
P
a
]
elongation of the cuticula [%]
Determination of the Young´s 
modulus in the simulation of 
transversal 1 with CGII
-50
50
150
250
350
450
5 15 25 35
Y
o
u
n
g
´s
 m
o
d
u
lu
s 
o
f 
th
e
 c
u
ti
cu
la
 [
M
P
a
]
elongation of the cuticula [%]
Determination of the Young´s 
modulus in the simulation of 
transversal 1 with CGIII
0
20
40
60
80
100
10 15 20 25Yo
u
n
g
´s
 m
o
d
u
lu
s 
o
f 
th
e
 c
u
ti
cu
la
 [
M
P
a
]
elongation of the cuticula [%]
Determination of the Young´s 
modulus in the simulation of 
transversal 1 with CGIV
3. Results 
 
94 
 
 
Figure 3.42: Young´s moduli inputted for the cuticulae in the finite element simulations of the 
tensile test transversal 2 during the adjustments, plotted against the resulting percentage 
elongation of the cuticulae. In all diagrams polygonal trend lines of third degree were inserted. 
The points representing the Young´s moduli at which the cuticulae showed the desired 
percentage elongations were highlighted in red. 
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Figure 3.43: Young´s moduli inputted for the cuticulae in the finite element simulations of the 
tensile test transversal 3 during the adjustments, plotted against the resulting percentage 
elongation of the cuticulae. In all diagrams polygonal trend lines of third degree were inserted. 
The points representing the Young´s moduli at which the cuticulae showed the desired 
percentage elongations were highlighted in red. 
 
 
 
0
100
200
300
400
10 15 20Y
o
u
n
g
´s
 m
o
d
u
lu
s 
o
f 
th
e
 c
u
ti
cu
la
 [
M
P
a
]
elongation of the cuticula [%]
Determination of the Young´s 
modulus in the simulation of 
transversal 3 with CGI
0
2
4
6
8
10
12
14
5 10 15 20 25Y
o
u
n
g
´s
 m
o
d
u
lu
s 
o
f 
th
e
 c
u
ti
cu
la
 [
M
P
a
]
elongation of the cuticula [%]
Determination of the Young´s 
modulus in the simulation of 
transversal 3 with CGII
0
50
100
150
200
10 15 20 25Y
o
u
n
g
´s
 m
o
d
u
lu
s 
o
f 
th
e
 c
u
ti
cu
la
 [
M
P
a
]
elongation of the cuticula [%]
Determination of the Young´s 
modulus in the simulation of 
transversal 3 with CGIII
0
20
40
60
80
100
10 15 20Yo
u
n
g
´s
 m
o
d
u
lu
s 
o
f 
th
e
 c
u
ti
cu
la
 [
M
P
a
]
elongation of the cuticula [%]
Determination of the Young´s 
modulus in the simulation of 
transversal 3 with CGIV
3. Results 
 
96 
 
 
Figure 3.44: Young´s moduli inputted for the cuticulae in the finite element simulations of the 
tensile test transversal 4 during the adjustments, plotted against the resulting percentage 
elongation of the cuticulae. In all diagrams polygonal trend lines of third degree were inserted. 
The data points of the tensile test transversal 4 simulated with CGIII show a discrepancy to this 
kind of function. The points representing the Young´s moduli at which the cuticulae showed the 
desired percentage elongations were highlighted in red.  
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Figure 3.45: In the finite element simulations determined Young´s moduli plotted against the 
percentage elongation of the cuticulae in reference to the percentage elongation of the latex 
membrane. In all diagrams linear trend lines were inserted and their functional equations are 
shown in the top right corners of the diagrams. The functional equations were used to calculate 
the Young´s moduli of the cuticulae of the stick insects used in the further seven tensile tests 
(diagrams top left and bottom right modified after Bennemann et al. 2014).  
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Table 3.3: Young´s moduli of the cuticulae of the stick insects used in the first four tensile tests 
determined by finite element simulations (highlighted in grey) and the Young´s moduli of the 
cuticulae of the stick insects used in the tensile tests 5-11 estimated using the results of the finite 
element simulations of the first four tensile tests. trans=transversal tensile test, CG=cuticula-
geometry (modified after Bennemann et al. 2014).  
tensile tests Young´s 
moduli 
CGI 
[MPa] 
Young´s 
moduli 
CGII 
[MPa] 
Young´s 
moduli 
CGIII 
[MPa] 
Young´s 
moduli 
CGIV 
[MPa] 
trans 1 63 4.0 52 15 
trans 2 223 9.9 220 21 
trans 3 34.5 2.0 20 2.0 
trans 4 373 10.5 384 71 
mean 173.4 6.6 169 27.3 
standard 
deviation 135.8 3.7 145.5 26.2 
trans 5 537.8 35.6 560.6 100.4 
trans 6 596.0 34.3 623.2 112.0 
trans 7 373.8 39.4 384.3 67.5 
trans 8 269.1 41.9 271.8 46.5 
trans 9 300.5 41.1 305.6 52.8 
trans 10 540.2 35.6 563.1 100.8 
trans 11 317.9 40.7 324.3 56.3 
overall 
mean 329.9 26.8 337.2 58.7 
overall 
standard 
deviation 174.9 15.6 187.9 34.8 
 
 
Figure 3.46: Young´s moduli of the cuticulae with different cuticula-geometries. In the diagram 
the Young´s moduli of all eleven tensile tests were included. The Young´s modulus is plotted 
logarithmically. The ends of the boxes define the 25th and 75th percentiles, with a line at the 
median and error bars to the maximum and minimum values. Outlier were marked as points and 
are defined as Zu=Q1-1.5*(Q3-Q1); Zo=Q3+1.5*(Q3-Q1) with Zu=outlier bottom, Zo=outlier top, 
Q1=25% quartile, Q3=75% quartile. CG=cuticula-geometry (modified after Bennemann et al. 
2014 and 2015). 
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3.5 Young´s moduli of the latex membrane and Skin Tite 
The Young´s modulus of the latex membrane used in the tensile tests to determine the 
Young´s modulus of the epicuticula (chapter 2.3.3) and the Young´s modulus of Skin Tite 
used to fabricate artificial adhesion devices (chapter 2.4) were determined by tensile 
testing. It was necessary to determine the Young´s modulus of the latex membrane to 
run the finite element simulations prepared to determine the Young´s modulus of the 
arolium cuticula. The Young´s modulus of Skin Tite was determined to compare this 
value to the Young´s modulus of the arolium cuticula.  
For the latex membrane a Young´s modulus of 1.1953 MPa (± 0.008 MPa, n=3, Figure 
3.47, Table 8.35, Bennemann et al. 2014) and for Skin Tite a Young´s modulus of about 
147 kPa (± 0.8 kPa, n=3, Figure 3.48, Table 8.36) was determined. Both membranes 
showed a linear elastic deformation behaviour in the first millimetre of the stretchings 
(Figure 3.47, Figure 3.48). The thickness of the Skin Tite membrane used in the 
measurements amounted about 305 µm (± 37.8 µm, n=9, Table 8.34). In the finite 
element simulations (chapter 2.3.3) the Young´s modulus of 1.1953 MPa was inputted 
for the latex membrane.  
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Figure 3.47: Exemplary tensile test performed to determine the Young´s modulus of the latex 
membrane. Only the data points providing a linear trend are shown. A linear regression line was 
inserted. In the top right corner the functional equation of the regression line is given. The slope 
of the line denotes the Young´s modulus determined for the latex membrane in this tensile test 
in megapascal (modified after Bennemann et al. 2014).  
 
 
Figure 3.48: Exemplary tensile test performed to determine the Young´s modulus of Skin Tite. 
Only the data points providing a linear trend are shown. A linear regression line was inserted. In 
the top right corner the functional equation of the regression line is given. The slope of the line 
denotes the Young´s modulus determined for Skin Tite in this tensile test in megapascal. 
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3 Results  
3.6 High speed recordings of the detachment process 
The mechanisms, with which stick insects detach their adhesive organs from a substrate, 
were investigated by high speed recordings to analyse if similar mechanisms could be 
used for the detachment of artificial adhesion devices.  
The high speed videos showed that the adhesive organs were detached passively 
during locomotion. No releasing mechanisms with which the stick insect simplified the 
detachment were found, but the detachment occurred during a distal (Figure 3.49, 
Figure 3.50, Figure 3.51, Figure 3.52) or a proximal (Figure 3.53, Figure 3.54, Figure 
3.55) movement of a leg. During leg movement the pretarsus was turned so far in 
proximal or distal direction until the adhesive surface of the arolium lost contact to the 
substrate (Figure 3.49, Figure 3.50, Figure 3.51) or the arolium was rotated around its 
own axis in the plane of the substrata (Figure 3.52, Figure 3.53) till it lost contact. When 
the leg was moved proximally the pretarsus was turned in proximal direction and when 
the leg was moved distally the pretarsus was turned in distal direction. When the 
movement of the leg was not in line to the pretarsus, a rotation of the pretarsus around 
its own axis in the plane of the substrate occurred.  
In case of a turning movement the detachment of the arolium occurred via a rolling 
over from the adhesive area of the arolium to a non-adhesive area of the arolium, 
comparable to a peeling movement. Through this mechanism during the detachment 
small areas of the adhesive area were detached successively till the adhesive organ only 
adhered with a small contact area and the total contact broke. In distal movements of a 
leg the arolium might be rolled over the step-like structure and the cupola-like 
structures located at the distal corner of the adhesive area (Figure 3.11, Figure 3.51). 
Further during the rolling over of the arolium in distal or proximal direction a rotation 
of the arolium can occur (Figure 3.53). In proximal movements the tarsal chain got 
largely elongated before the detachment occurred (Figure 3.54). 
Figure 3.49 shows the detachment of an arolium during a distal upward movement of 
a foreleg. Before the detachment the tarsus was bent very much and from detachment 
on, the arolium moved away from the substrate with a velocity of 0.65 meter per second 
in the first 2.6 mm.  
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Figure 3.49: Frames taken from a high speed video showing the detachment of an arolium due 
to a distal upward movement of a foreleg. a normal position of the tarsus, b-d detachment of the 
arolium. Between each of the last three frames there is a time span of about 2 ms. This equates a 
detachment speed of 0.65 meter per second for the first 2.6 mm (frames b-d). The glass plate on 
which the arolium adhered and in which it mirrored itself is highlighted in image a by a red line. 
The high speed video was recorded at 2000 frames per second. 
 
When tarsi were orientated downwards, euplantulae sometimes were in contact to 
the substrate. During a detachment of these tarsi by an upward proximal movement, 
sometimes the arolium was detached first and subsequently the euplantulae were 
detached (Figure 3.55). The high speed video showing this detachment mechanism 
suggests that euplantulae can be detached from a substrate with clearly lower forces 
than needed to detach the arolia, meaning the euplantulae might show relative low 
adhesion forces, but seem to perform high friction forces (Figure 3.55).  
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Figure 3.50: Frames taken from a high speed video showing the detachment of an arolium due 
to a distal upward movement of a foreleg. The frames show the frontal view on the arolium 
during the detachment, from which the sideward view is shown in figure 3.49. a normal position 
of the tarsus, b-d detachment of the arolium. A rolling off movement of the arolium is visible,        
d last frame in which the arolium stayed in contact to the substrate. Between each of the frames 
b-d there is a time span of about 35 ms. The high speed video was recorded at 2000 frames per 
second. 
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Figure 3.51: Frames taken from a high speed video showing the detachment of an arolium due 
to a distal upward movement of a foreleg in detail. a normal position of the tarsus,                         
b-f detachment of the arolium. A rolling off movement of the arolium is visible, d last frame in 
which the arolium stayed in contact to the substrate. Between each of the frames a-d there is a 
time span of about 100 ms and the time span between each of the frames d-f is about 1.8 ms. The 
glass plate on which the arolium adhered and in which it mirrored itself is highlighted in image a 
by a red line. The high speed video was recorded at 20000 frames per second. 
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Figure 3.52: Frames taken from a high speed video showing the detachment of an arolium due 
to a distal upward movement of a foreleg resulting in a rotating movement of the tarsus.               
a normal position of the tarsus, b-d detachment of the arolium, c last frame in which the arolium 
stayed in contact to the substrate. Between each of the frames a-c there is a time span of about 
23 ms and the time span between the frame c-d is about 3 ms. The high speed video was 
recorded at 2000 frames per second. 
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Figure 3.53: Frames taken from a high speed video showing the detachment of an arolium due 
to a first proximal and later distal movement of a foreleg in detail. a normal position of the 
tarsus, b-f detachment of the arolium. A rolling off movement of the arolium is visible with 
subsequent rotation, c-f rotation of the arolium resulting on a distal upward movement of the 
leg, d last frame in which the arolium stayed in contact to the substrate. Between each of the 
frames a-c there is a time span of about 35 ms and between each of the frames c-f there is a time 
span of about 8.3 ms. The high speed video was recorded at 20000 frames per second. 
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Figure 3.54: Frames taken from a high speed video showing the detachment of an arolium due 
to a proximal movement of a middle leg. a normal position of the tarsus, b-d detachment of the 
arolium. The distance between the fifth tarsal segment and the pretarsus successively increased. 
Between all frames there is a time span of 10 ms. The high speed video was recorded at 2000 
frames per second. 
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Figure 3.55: Frames taken from a high speed video showing the detachment of an arolium and 
euplantulae due to a proximal upward movement of a middle leg. a normal position of the 
tarsus, b-d detachment of the arolium and the euplantulae, b the arolium was detached from the 
substrate, c the euplantulae were partly detached and slid on the substrate, d euplantulae were 
detached from the substrate. Between frame a and b there is a time span of about 10 ms, 
between b and c  a span of about 45 ms and between c and d there is a time span of about 7 ms. 
The glass plate on which the arolium adhered and in which it mirrored itself is highlighted in 
image a by a red line. The high speed video was recorded at 2000 frames per second. 
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3.7 Adhesion forces of adhesive materials 
To find materials, which are suitable for the fabrication of artificial adhesion devices, the 
adhesion forces of the adhesive materials Formaform, Dragon Skin, PDMS 
(polydimethylsiloxane), Skin Tite and, for comparison purposes, the adhesion force of an 
Anti-Rutsch-Pad were determined. Some of these measurements were carried out by 
Balazs Hejj (Hejj 2011) (see table and figure captions). Two different methods were used 
to measure the adhesion forces.  
In adhesion force measurement method one (M1), which was only used to measure 
the adhesion force of Formaform, material samples were placed on substrates fixed on a 
micro scales by hand and were pulled off the substrates by a self-build pulling device, 
while the weight loss was recorded.  
In adhesion force measurement method two (M2) material samples were fixed on the 
micro scales, an indenter was pressed on the material samples and subsequently the 
indenter was pulled off, while the weight loss was recorded.  
The measurements of the adhesion forces of Formaform using M1 showed the trend, 
that Formaform samples with a higher amount of softening agent showed higher 
adhesion forces (Figure 3.56, Table 8.37). The highest adhesion forces were measured 
on a substrate with a roughness of 1 µm.  
For a second measurement Formaform samples were fabricated, which showed the 
surface microstructure of a diffraction grating. This surface microstructure is very 
similar to the surface microstructure of arolia (Figure 3.2, Figure 3.3). The adhesion 
force measurements with the structured samples served to analyse whether the surface 
microstructure increases the adhesion forces of a material. This would indicate that the 
same is true for arolia. The adhesion force of the structured Formaform samples was the 
highest on a substrate with a surface roughness of 0.3 µm and gradually decreased with 
increasing surface roughness (Figure 3.57, Table 8.38). Besides, on a smooth substrate 
lower adhesion forces were measured than on the substrate with a roughness of 0.3 µm. 
On the substrate with a surface roughness of 0.3 µm the structured samples showed 
higher adhesion forces than the smooth Formaform samples. But on substrates with a 
roughness of 0.5 µm and 1 µm the adhesion force of the structured samples was 
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distinctly lower than the adhesion force of the smooth samples (Figure 3.56, Figure 3.57, 
Table 8.37, Table 8.38). On the further substrates the differences in adhesion force were 
not so distinguished.  
 
Figure 3.56: Adhesion forces of the material Formaform mixed with different amounts of 
softening agent (indicated in the legend). The measurements were carried out using M1 on 
substrates of different roughness. The data points show the averages of four measurements.  
 
 
Figure 3.57: Adhesion forces of Formaform samples mixed with softening agent in a ratio of 
100:40 showing the surface microstructure of a diffraction grating. The measurements were 
carried out using M1 on substrates of different roughness. The ends of the boxes define the 25th 
and 75th percentiles, with a line at the median and error bars to the maximum and minimum 
values. The boxes show the results of four measurements carried out on different areas of the 
substrates (data compiled by Balazs Hejj).  
ratio of 
Formaform 
and 
softening 
agent 
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Imaging the contact areas of Formaform samples to the different rough substrates 
revealed that the Formaform samples showed irregular contact areas (Figure 3.58). On 
the different rough substrates different large parts of the samples were not in contact to 
the substrates. This was one reason why further adhesion force measurements were 
carried out using M2.  
 
Figure 3.58: Contact areas between Formaform samples and different rough substrates made of 
transparent epoxy resin analysed with a scanner. The images were converted into black and 
white to determine the percentage with which the samples were not in contact to the substrates.  
 
In M2 the surfaces of the indenters, which contacted the material samples, were 
completely in contact to the material samples and there were no evidences for air 
between the surfaces and the material samples (Figure 3.59).  
 
 
Figure 3.59: Contact areas between the different indenters used in M2 and Skin Tite. The 
contact areas were photographed from below or the contact area was analysed with a scanner 
(b). The surface of an indenter equipped with a smooth glass disc (a) and the surfaces of the 
indenters covered with different rough polishing papers (c-g) are in entire contact to Skin Tite. 
There are no evidences for air between the indenters and Skin Tite. The irregularities in the 
colour of the different rough polishing papers base on the mounting of the polishing papers to 
the indenters. The indenter with the glass ball (b) had a comparatively small contact area of 
about 1.8 mm².  
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To verify the results of the adhesion force measurements using M1 the adhesion force 
measurements with Formaform were repeated using M2. These adhesion force 
measurements resulted in adhesion forces, which showed the same distribution for the 
different rough substrates (Figure 3.60, Table 8.39) as measured with M1. The highest 
adhesion forces were measured on the substrate with a roughness of 1 µm. Besides, the 
adhesion force on substrates with a high roughness (12 µm) was higher than for 
substrates with little lower roughnesses (3 and 9 µm) as well as measured with M1.  
 
Figure 3.60: Adhesion forces of Formaform samples mixed with softening agent in a ratio of 
100:40 measured with M2 using indenters covered with polishing papers of different roughness. 
For each roughness the adhesion force was measured each four times on three areas on the 
material sample. The ends of the boxes define the 25th and 75th percentiles, with a line at the 
median and error bars to the maximum and minimum values (modified after Hejj 2011).  
 
Formaform turned out to be not suitable for the fabrication of artificial adhesion 
devices, because it dries out over time (see also Hejj 2011). Therefore the adhesion 
forces of further adhesive materials were measured. The material Dragon Skin was 
chosen, because additives suitable for this material enabled the variation of the softness 
of this material as well as for Formaform. Among the Dragon Skin samples with different 
amounts of softening agent the samples mixed in a ratio of 2:1 and 2:2 with softening 
agent showed the highest adhesion forces, when measured with an indenter covered 
with a smooth glass disc (Figure 3.61, Table 8.40).  
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The material samples with higher amounts of softening agent also adhered very well 
on the indenter, but because of their high softness these materials showed high 
deformations during the adhesion force measurements (Figure 3.62) and therefore 
performed not so high adhesion forces on the indenter. The adhesion forces of the 
Dragon Skin samples mixed with softening agent in a ratio of 2:1 and 2:2 were nearly the 
same on all different rough substrates (Figure 3.63, Table 8.41, Table 8.42). The material 
samples mixed in a ratio of 2:3 and 2:4 with softening agent were so soft, that they did 
not keep their shape, so that these materials were not suitable to cover artificial 
adhesion devices.  
 
Figure 3.61: Adhesion forces of Dragon Skin (DS) with different amounts of softening agent 
(Slacker) measured with M2 using an indenter covered with a smooth glass disc. The ends of the 
boxes define the 25th and 75th percentiles, with a line at the median and error bars to the 
maximum and minimum values. Outlier were marked as points and are defined as Zu=Q1-
1.5*(Q3-Q1); Zo=Q3+1.5*(Q3-Q1) with Zu=outlier bottom, Zo=outlier top, Q1=25% quartile, Q3=75% 
quartile. The boxes show the results of five measurements carried out on different areas of the 
material samples.  
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Figure 3.62: Frames out of videos taken during the adhesion force measurements of Dragon 
Skin with different amounts of softening agent. Each frame is the last frame in which the 
indenter is still in contact to the Dragon Skin samples during pull off. The Dragon Skin samples 
contained softening agent in a ratio of a 2:1, b 2:2, c 2:3, d 2:4.  
 
 
Figure 3.63: Adhesion forces of Dragon Skin with different amounts of softening agent 
measured with M2 using indenters covered with polishing papers of different roughness.             
a Dragon Skin mixed with softening agent in a ratio of 2:1, b Dragon Skin mixed with softening 
agent in a ratio of 2:2. For each roughness the adhesion force was measured each four times on 
three areas on the material sample. The ends of the boxes define the 25th and 75th percentiles, 
with a line at the median and error bars to the maximum and minimum values. Outlier were 
marked as points and are defined as Zu=Q1-1.5*(Q3-Q1); Zo=Q3+1.5*(Q3-Q1) with Zu=outlier 
bottom, Zo=outlier top, Q1=25% quartile, Q3=75% quartile (modified after Hejj 2011). 
 
The adhesion forces of Dragon Skin were initially measured with an indenter covered 
with a glass disc, because of a very high stickiness of the material. The adhesion forces 
measured using this indenter are not comparable with the adhesion forces measured 
with the indenters equipped with polishing papers, because the surface chemistry of the 
glass discs is different to that of the polishing papers.  
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A further material from which the adhesion forces were measured was PDMS 
(polydimethylsiloxane). The adhesion forces of PDMS were the higher the lower the 
roughness of the surface of the indenters used in the adhesion force measurements 
(Figure 3.64, Table 8.43). Out of PDMS also material samples showing the surface 
microstructure of a diffraction grating were fabricated, as well as for Formaform. The 
structured PDMS samples showed significantly higher adhesion forces for substrates 
with a low roughness (0.3 -3 µm) (Figure 3.64, Table 8.44) (see also Hejj 2011).  
 
Figure 3.64: Adhesion forces of smooth PDMS samples and PDMS samples showing the surface 
microstructure of a diffraction grating (DG) carried out with M2 using indenters covered with 
polishing papers of different roughness. For each roughness the adhesion force was measured 
each four times on three areas on the material sample. The adhesion forces measured with the 
same indenter on smooth and structured samples are highlighted in the same colour. Significant 
differences were tested by unpaired, two-tailed t-test: ** highly significant (1%). The ends of the 
boxes define the 25th and 75th percentiles, with a line at the median and error bars to the 
maximum and minimum values (modified after Hejj 2011).  
 
To prevent a not perfect alignment of the contact surfaces of the indenters and the 
material samples, adhesion force measurements with an indenter equipped with a glass 
ball were carried out. Therefor smooth PDMS samples and PDMS samples showing the 
microstructure of a diffraction grating and of a spectral foil were fabricated. When 
measured with the indenter equipped with a glass ball the structured PDMS samples 
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showed a more than 10 times higher adhesion force than the smooth sample (Figure 
3.65, Table 8.45). The sample showing the microstructure of the multispectral foil 
showed the highest adhesion forces. The adhesion forces measured with the indenter 
equipped with a glass ball are lower than the adhesion forces measured with the other 
indenters, because this indenter has a much smaller contact area to the material samples 
(Figure 3.59).  
 
Figure 3.65: Adhesion forces of smooth and structured PDMS samples measured with M2 using 
an indenter equipped with a smooth glass ball. The ends of the boxes define the 25th and 75th 
percentiles, with a line at the median and error bars to the maximum and minimum values. 
Outlier were marked as points and are defined as Zu=Q1-1.5*(Q3-Q1); Zo=Q3+1.5*(Q3-Q1) with 
Zu=outlier bottom, Zo=outlier top, Q1=25% quartile, Q3=75% quartile. The boxes show the results 
of five measurements carried out on different areas on the material samples.  
 
The indenter equipped with a glass ball showed very large differences in the contact 
areas to the further adhesive materials, because of their differences in softness (Table 
3.4, see also Hejj 2011). Therefore this indenter was only used to measure differences in 
the adhesion forces between smooth and structured samples of the same material and 
not to compare adhesion forces between different materials.  
 
Table 3.4: Contact areas between different adhesive materials and an indenter equipped with a 
glass ball. DS=Dragon Skin, 2xS=ratio of Dragon Skin and Slacker of 2:2, 
PDMS=polydimethylsiloxane, DG=surface microstructure of a diffraction grating (modified after 
Hejj 2011).  
 
adhesive material DS 2xS PDMS DG Formaform  Skin Tite 
contact area (mm²) 28.27 0.79 1.77 1.80 
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A further material which was tested concerning its adhesion force was Skin Tite. Skin 
Tite showed a bit higher adhesion forces than all Dragon Skin mixtures with a maximal 
adhesion force on a substrate roughness of 3 µm. At lower roughnesses the adhesion 
forces of Skin Tite are distinctly lower than the adhesion forces of PDMS, but Skin Tite 
showed the highest adhesion force on substrates with a high roughnesses (9 and 12 µm) 
(Figure 3.66, Figure 3.69).  
 
Figure 3.66: Adhesion forces of Skin Tite measured with M2 using indenters covered with 
polishing papers of different roughness. For each roughness the adhesion force was measured 
each four times on three areas on the material sample. The ends of the boxes define the 25th and 
75th percentiles, with a line at the median and error bars to the maximum and minimum values.  
 
Successive adhesion force measurements carried out on the same area on the 
material samples served to analyse, whether the adhesion forces remain constant. In 
these measurements the adhesion forces of PDMS, the Anti-Rutsch-Pad and Skin Tite 
remained constant or increased slightly (Figure 3.67, Table 8.46, Table 8.47, Table 8.48). 
The adhesion forces of Formaform increased (Figure 3.68, Table 8.39) and the adhesion 
forces of Dragon Skin decreased (Figure 3.68, Table 8.42) (see also Hejj 2011). 
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Figure 3.67: Adhesion forces of PDMS and the Anti-Rutsch-Pad measured on one area on a 
material sample in ten successive measurements with M2 using indenters covered with 
polishing papers of different roughness (indicated in the legend). For both materials the 
adhesion forces remained constant in successive measurements or increased slightly (Anti-
Rutsch-Pad) (modified after Hejj 2011).  
 
   
Figure 3.68: Adhesion forces of Formaform mixed in a ratio of 100:40 with softening agent and 
Dragon Skin mixed in a ratio of 2:2 with softening agent (Dragon Skin 2xS) measured on three 
areas of the material samples in four successive measurements with M2 using indenters covered 
with polishing papers of different roughness (indicated in the legend). In the measurements of 
Formaform the adhesion force gradually increased and in the measurements of Dragon Skin the 
adhesion force gradually decreased. The diagrams show the same measurements as shown in 
Figure 3.60 and Figure 3.63b (modified after Hejj 2011). 
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The Anti-Rutsch-Pad measured for comparison purposes showed very high adhesion 
forces (Figure 3.67). The adhesion forces were the higher the smoother the polishing 
papers on the indenter were, as well as for PDMS, except for the polishing paper with a 
roughness of 9 µm (see also Hejj 2011).  
Comparing the adhesion forces of all measured adhesive materials, Skin Tite showed 
comparatively high adhesion forces on all substrates and the highest adhesion forces on  
substrates with a high roughness (9 and 12 µm) (Figure 3.69).  
 
 
Figure 3.69: Comparison of the adhesion forces of all tested adhesive materials measured with 
M2 using indenters covered with polishing papers of different roughness. DS=Dragon Skin, 
1xS=ratio of Dragon Skin and Slacker of 2:1, 2xS=ratio of Dragon Skin and Slacker of 2:2, 
PDMS=polydimethylsiloxane, DG=surface microstructure of a diffraction grating. All data points 
show the average of at least ten measurements (all measurements apart from those concerning 
Skin Tite modified after Hejj 2011). 
 
Furthermore, it did not show a decrease in the adhesion force in successive 
measurements and it featured a higher tear strength than PDMS (not quantified), which 
is important when a thin membrane of the material is used as coverage of artificial 
adhesion devices (chapter 2.4.4). Therefore, this material was used in the fabrication of 
the artificial adhesion devices. Unfortunately, out of Skin Tite no material samples could 
be fabricated, that showed the surface microstructure of a diffraction grating or a 
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multispectral foil. Dragon Skin mixed in a ratio of 2:3 with softening agent was used to 
fabricate adhesion devices containing soft silicone gel, because it turned out to be very 
soft. A Dragon Skin mixture with an even higher amount of softening agent was not used, 
because these materials were very gluey, which had complicated the fabrication process. 
Furthermore it was taken into consideration that the softening agent could soften the 
thin layer with which these adhesion devices were covered. Besides, an even softer 
silicone gel would increase the risk of a damage of the thin terminating membrane, 
because a softer material would allow higher deformation during detachment.  
The adhesion force measurements using structured Formaform samples and the 
adhesion force measurements of Formaform using M2, the adhesion force 
measurements on Dragon Skin and PDMS with the indenter covered with polishing 
papers and the adhesion force measurements on the Anti-Rutsch-Pad were carried out 
by Balazs Hejj.  
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3.8 Spin coating 
Micrometre thin layers out of adhesive materials were fabricated using a self-built spin 
coater. After curing, resulting membranes were used as contact surfaces for artificial 
adhesion devices and spin coating was used to spread adhesive materials equally on 
acrylic glass discs used for flocking (chapter 3.9).  
Out of wood glue, Fixogum, Skin Tite, latex milk and President light body thin uniform 
layers could be produced using the self-build spin coater. As Skin Tite coalesces with 
other addition curing silicones used in the fabrication of artificial adhesion devices it 
was used as the only material in further experiments. Spin coating of Skin Tite yield at a 
speed of rotation of about 6000 rpm for about 3 seconds to membranes with a thickness 
of about 40 µm.  Spin coating of a further layer on a first Skin Tite membrane yield to 
membranes with a thickness of about 120 µm and with a third layer on top the 
membrane reached a thickness of about 185 µm.  
3.9 Flocking 
Flocking was used to deposit many short fibre particles vertically onto acrylic glass 
discs, which were used to fabricate fibre reinforced artificial adhesion devices (chapter 
2.4.8).  
Using Skin Tite as glue to fixate flock fibres onto acrylic glass discs led to the best 
results aiming at a high flock fibre density and a high regularity of the flock. Besides, 
Skin Tite coalesces with other silicones used in the fabrication of the fibre reinforced 
artificial adhesion devices. Thus, in the fabrication of artificial adhesion devices only 
Skin Tite was used as glue for flocking.  
The polyamide flock fibres and the Streufasern could be flocked onto the acrylic glass 
discs (Figure 3.70) using the self-build flocking device. The polyamide flock could be 
flocked with a higher density (Figure 3.70b,d,f) and had a more uniform length, so that 
these flock fibres were used in the fabrication of the fibre reinforced adhesion devices. 
In the middle of the acrylic glass discs the flock fibres were orientated nearly all about 
vertically and at the edges of the acrylic glass discs the fibres were orientated more 
randomly.  
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Figure 3.70: Acrylic glass discs flocked with two different flock types. a, c, e Streufasern 
dunkelgrün, b, d, f polyamide flock fibres with a diameter of about 50 µm and a length of about 
2.0 mm, a-b top view, c-d view from about 45°, e-f side view. The acrylic glass discs flocked with 
polyamide flock were used to fabricate fibre reinforced adhesion devices, because the polyamide 
flock could be flocked with a higher density and had a more uniform length (b, d, f). Scale bar:   
b=5 mm. 
 
3.10 Electrospinning 
Electrospinning was used to fabricate ultra-thin fibres with diameters of a few 
micrometres or below. The electrospun fibres were meant to reinforce artificial 
adhesion devices. For electrospinning the materials polycaprolactone (PCL) and 
polymethylmethacrylate (PMMA) were used.  
As already shown in Rumman (2010) it was possible to electrospin fibres out of PCL, 
which arrange themselves parallel in many layers one above the other on the targets 
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invented by Rumman (2010). The electrospun PCL fibres turned out to be very delicate 
such as candy floss, so that another material was searched for electrospinning. This 
material should have a higher Young´s modulus than PCL, should be dissolvable in a 
nontoxic solvent and should be compatible to materials used in the fabrication of the 
artificial adhesion devices. PMMA showed all of these properties and it also could be 
spun three dimensional and parallel on the targets (Figure 3.71). The cross sections of 
the PMMA fibres were not round but rather linear and had a mean width of about 8.2 µm 
and a mean depth of about 2.1 µm (Figure 3.71b). Unfortunately, the PMMA fibres were 
also hard to handle and the fibres could not be spun in a density assumed as high 
enough for the reinforcement of artificial adhesion devices. Therefore the PMMA fibres 
were not used to reinforce artificial adhesion devices.  
 
 
Figure 3.71: REM images of electrospun PMMA fibres. a PMMA fibres laying perpendicular over 
a notch cut in a conductive double adhesive tape mounted on a REM holder, b detail of the 
PMMA fibres showing the linear morphology of the PMMA fibres. Scale bars: a=400 µm,          
b=20 µm.  
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3.11 Fabrication of artificial adhesion devices 
Four different artificial adhesion devices were fabricated: foamy adhesion devices 
(FADs), adhesion devices with angled fibres (AFDs), adhesion devices containing soft 
silicone gel (SGDs) and fibre reinforced adhesion devices (FRDs) (Figure 3.72, Figure 
3.73, Figure 3.74). All artificial adhesion devices were covered with thin membranes out 
of Skin Tite so that their surface chemistry was all the same. In all adhesion devices the 
thin Skin Tite membranes were supported by a resilient and flexible subconstruction to 
enable a close conformation of the membranes to the substrate.  
The FADs contained a subconstruction out of Soma Foama 15, an addition curing 
silicone foam, (Figure 3.72). The foamy subconstruction was inspired by the possibly 
foamy ultrastructure of the euplantulae (Figure 3.15b). The pores in the FADs have a 
diameter of about 673 µm (± 233 µm, n=2, Figure 3.72, Table 8.49).  
 
 
Figure 3.72: Foamy adhesion devices (FADs). a whole foamy adhesion device, b cross section 
through a foamy adhesion device. Scale bars: a & b=5mm.  
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The subconstruction of the AFDs consisted of arrays of 32x32 fibres 3d printed at 
www.shapeways.com using the material “Frosted Detailed Plastics” (Figure 3.73a,c). 
These adhesion devices served to test the hypothesis, whether angled fibres in adhesion 
devices can simplify their detachment when required. The fibres were orientated in the 
same inclination angle as the finest fibres found in the arolium (Figure 3.9). In the AFDs 
the fibres showed no interconnections to each other (Figure 3.73c) and the fibres could 
be bent by a low force. The fibres had a diameter of about 300 µm and had a rather 
round cross section (Figure 3.73c), although in the model the fibres had a quadratic 
cross section (Figure 2.17). The Skin Tite membranes adhered quite well on the fibres 
(Figure 3.73b,d).  
 
 
Figure 3.73: Adhesion devices containing angled fibres (AFDs). a and c fibre array 3d printed at 
www.shapeways.com out of the material “Frosted Detailed Plastics” without a coverage, b and d 
fibre array covered with an about 185 µm thick Skin Tite membrane, b shows the mounting of 
hooks on an AFD as used in the measurements of the adhesion forces. Scale bars: a, c & d=5 mm.  
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The SGDs contained a subconstruction out of Dragon Skin FX-Pro with admixtures of 
Silicon Thinner and Slacker forming a very soft silicone gel (Figure 3.74a). Because of 
the softness of the silicone gel the SGDs are a bit widened in their perimeter (Figure 
3.74a). These adhesion devices were fabricated for comparison with the FADs and the 
FRDs.  
The subconstruction of the FRDs contained flock fibres infused with the same very 
soft silicone gel as used for the fabrication of the SGDs (Figure 3.74b). These adhesion 
devices were inspired by the fibrous ultrastructure of the arolia (Figure 3.9). The FRDs 
showed a corrugated surface structure (Figure 3.74b).  
 
 
Figure 3.74: Artificial adhesion devices. a adhesion device containing soft silicone gel (SGD),       
b fibre reinforced adhesion device (FRD). Scale bars: a & b=5 mm.  
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3.12 FEM simulation of the AFDs 
To analyse the strains and stresses occurring in the adhesion devices with angled fibres 
(AFDs) when pulling forces were applied at different force application points, the 
geometry of the AFDs was transferred into a finite element simulation using Abaqus 
6.11. The tips of the fibres were fixed in their positions and on the geometry forces equal 
to the average forces at which the AFDs were detached during the adhesion force 
measurements (chapter 2.4.13) were applied on application points similar to those used 
in the adhesion force measurements. 
The upward pointing force acting on the face of the large backing layer evoked the 
lowest stress in the fibres of the geometry (Figure 3.75e). The forces acting parallel to 
the face of the large backing layer evoked higher stresses, but the stress values were 
quite uniform for all fibres (Figure 3.75c,d). The highest stress values were evoked by 
the forces acting upwards at the small faces of the backing layer at the sharp and blunt 
edge. However, the force acting on the face at the blunt edge evoked higher stress values 
in the fibres than the force acting on the face at the sharp edge (Figure 3.75a,b). The 
stresses in the fibres subjacent to the force application points were always higher when 
the forces were applied at the blunt edge than applied at the sharp edge independent 
from the magnitude of the load (1.20, 2.555 or 3.66 N). This could suggest an easier 
detachment of the AFDs when pulled at the blunt edge, but this is not consistent with the 
observations made during the adhesion force measurements of the AFDs (chapter 3.14).  
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Figure 3.75: Strains and von Mises stresses occurring when the fibrous geometry of the AFDs is 
pulled with 3.66 N at different force application points. The directions of the loads are indicated 
by the arrows. The stresses in the geometries are illustrated by their colour in N/mm². The 
legend is accurate for all images. a surface traction applied on the small face of the backing layer 
at its sharp edge, b surface traction applied on the small face of the backing layer at its blunt 
edge, c surface traction applied on the large face of the backing layer in direction to the blunt 
edge, d surface traction applied on the large face of the backing layer in direction to the sharp 
edge, e negative pressure applied on the large face of the backing layer.    
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3.13 FEM simulations of the SGDs and the FRDs 
To analyse the strains and stresses occurring in the adhesion devices containing soft 
silicone gel (SGDs) and the fibre reinforced adhesion devices (FRDs) the geometries of 
these adhesion devices were transferred into two-dimensional finite element models 
using Abaqus 6.11. The bottom sides of both models were fixed in their position and on 
the upper sides pulling forces were applied using a pressure command with negative 
value.  
The pulling force evoked high stress values at the corners of the soft gel layer of the 
SGD model (Figure 3.76a). The FRD model showed in the soft gel layer about the same 
stress distribution as the SGD model, but the values were about three orders of 
magnitude smaller than the stress values in the SGD model (Figure 3.76b,c). In the FRD 
model the pulling force evoked stresses in the fibres, which were higher than the 
maximal stresses present in the soft gel layer of the SGD model. The fibres in the FRD 
model showed higher stress values in the middle of the model than at the sides of the 
model (Figure 3.76d).  
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Figure 3.76: Von Mises stresses in the models of the SGDs and the FRDs. All images show the left 
half of the complete models. a stress values in the SGD model, b stress values in the FRD model. 
The scale beneath a and b is accurate for both images. The soft gel layer in the FRD model 
showed lower stress values than the soft gel layer of the SGD model and the fibres in the FRD 
model showed higher stress values than present in the soft gel layer in the SGD model, c stress 
values in the soft gel layer in the FRD model, d stress values of the fibres in the FRD model. The 
FRD model showed about the same stress distribution in the soft gel layer as the SGD model, but 
the stress values were about three orders of magnitude smaller than the stress values in the SGD 
model. The fibres showed higher stress values in the middle of the model than at the sides of the 
model.  
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3.14 Adhesion forces of adhesion devices 
In the adhesion force measurements of round adhesion devices - the FADs, the SGDs, the 
FRDs, the two millimetre thin layer of Skin Tite, the Gecko®Nanoplast® and the Anti-
Rutsch-Pad - pulling forces were applied on hooks mounted on the holders in the middle 
of their backsides and sideways. The measurements with these different force 
application points are referred to as centred and sideways (Figure 2.22a).  
In the adhesion force measurements of the AFDs, pulling forces were consecutively 
applied on the two hooks mounted at the sharp and the blunt edge of their backing 
layers. Besides, pulling forces were applied on both hooks simultaneously. The 
measurements with these different force application points are referred to as centred, 
blunt edge and shape edge (Figure 2.22b).  
The adhesion forces measured in the sideways measurements of the round adhesion 
devices and these of the AFDs are not comparable to each other, because the application 
points of the pulling forces of the round adhesion devices lay more sideways. This is due 
to the sideways mounting of the hooks at the holders of the round adhesion devices. The 
hooks acted as leverages, which led to a simplified detachment of the round adhesion 
devices.  
In the centred adhesion force measurements the FADs showed an adhesion force of 
about 1.66 N (± 0.3 N, n=5, Table 8.50). In the sideways adhesion force measurements 
the FADs showed an adhesion force of about 0.61 N (± 0.056 N, n=5, Table 8.50).  
The AFDs showed an adhesion force of 3.66 N (± 0.59 N, n=2, Table 8.51) in the 
centred measurements and an adhesion force of 1.20 N (± 0.39 N, n=2, Table 8.51) when 
pulled at the sharp edge and an adhesion force of 2.56 N (± 0.26 N, n=2, Table 8.51) 
when pulled at the blunt edge. This means when applying the pulling force at the blunt 
edge of the AFDs only about 2/3 of the force, which was needed to detach the AFDs 
when the pulling force was attached at their centre, was needed to detach the AFDs. And 
when the pulling force was attached to the sharp edge only about 1/3 of the force, which 
was needed to detach the AFDs when the force was attached at their centre, was needed.  
The FRDs showed an adhesion force of 11.38 N (± 3.51 N, n=4, Table 8.52) in the centred 
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measurements and an adhesion force of 2.88 N (± 1.10 N, n=4, Table 8.52) in the 
sideways measurements.  
 
 
Figure 3.77: Frames of a video of a centred adhesion force measurement of a SGD. a start of the 
adhesion force measurement (0 g), b increase of the adhesion force (350 g), c peak of the 
adhesion force (415 g), d last frame in which the SGDs adhered to the substrate (170 g). 
Between all frames there is a time span of about two seconds.  
 
The detachment of the SGDs did not occur in one step, but gradually (Figure 3.77, 
Figure 3.78). The SGDs showed an adhesion force of about 4.31 N (± 0.93 N, n=4, Table 
8.53) in the centred measurements. During the sideways measurements of the SGDs the 
adhesion force rose, fell and rose again (Figure 3.78). At the first peak of the adhesion 
force the SGDs showed an adhesion force of about 0.82 N (± 0.18 N, n=4, Table 8.53) and 
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at the second peak they showed an adhesion force of about 0.77 N (± 0.46 N, n=4, Table 
8.53). The standard deviation of the second peak is so high, because one adhesion device 
showed no adhesion forces, where the other SGDs showed a second peak in the adhesion 
force. The other SGDs showed a higher adhesion force at the second peak than at the 
first peak. The detachment of all other adhesion devices occurred in one comparatively 
short step. 
 
 
Figure 3.78: Frames of a video of a sideways adhesion force measurement of a SGD. a start of 
the adhesion force measurement (0 g), b first peak in the adhesion force (80 g), c low point in 
the adhesion force (40 g), d second peak in the adhesion force (110 g).  
 
The two millimetre thick layer out of Skin Tite showed an adhesion force of 5.50 N (± 
0.31 N, n=1, Table 8.54) in the centred measurements and an adhesion force of 2.01 N    
(± 0.097 N, n=1, Table 8.54) in the sideways measurements. The Gecko®Nanoplast® 
showed an adhesion force of 19.61 N (± 3.48 N, n=1, Table 8.54) in the centred 
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measurements and an adhesion force of 5.48 N (± 0.64 N, n=1, Table 8.54) in the 
sideways measurements. The Anti-Rutsch-Pad showed an adhesion force of 100.19 N (± 
22.58 N, n=1, Table 8.54) in the centred measurements and an adhesion force of 9.73 N 
(± 3.19 N, n=1, Table 8.54) in the sideways measurements. In table 3.5 all mean 
adhesion forces are compared to each other. 
 
Table 3.5: Mean adhesion forces of all adhesion devices and the comparison samples. In 
brackets the standard deviations are given. The relations between the adhesion forces measured 
in the sideways measurements in reference to the adhesion forces measured in the centred 
measurements are given. For the SGDs the adhesion forces measured at the first and the second 
peak are given and for the AFDs the adhesion forces of the measurements with force application 
points at the sharp and the blunt edge are given. The relation of the adhesion forces of the AFDs 
measured at the blunt and the sharp edge and the relation of the adhesion forces of the SGDs 
measured at the first and the second peak are given. * denoted is the relation between the 
adhesion forces measured centred and the adhesion forces measured sideways at the sharp edge 
or at the first peak.  
adhesion devices mean adhesion 
force (centred 
measurements)  
 
 
[N] 
mean adhesion 
force (sideways 
measurements - 
sharp edge/  
first peak)  
[N] 
mean adhesion 
force (sideways 
measurements - 
blunt edge/ 
second peak) 
[N] 
relation 
adhesion 
force: 
sideways
/ centred 
[%] 
relation: 
blunt edge/  
sharp edge;          
first peak/ 
second peak  
[%] 
foamy adhesion 
devices (FADs) 
1.66  
(σ = 0.30) 
0.61 
 (σ = 0.056) 
/ 36.7 / 
adhesion devices 
containing angled 
fibres (AFDs) 
3.66  
(σ = 0.59) 
1.20  
(σ = 0.39) 
2.56  
(σ = 0.26) 
32.8* 46.9 
adhesion devices 
containing angled 
fibres (forces 
normed on the 
surface area of the 
round adhesion 
devices) 
4.77  
(σ = 0.77) 
1.57 
 (σ = 0.50) 
3.33  
(σ = 0.34) 
32.8* 46.9 
fibre reinforced 
adhesion devices 
(FRDs) 
11.38  
(σ = 3.51)  
2.88  
(σ = 1.10) 
/ 25.3 / 
adhesion devices 
containing 
silicone gel (SGDs) 
4.31  
(σ = 0.93) 
0.82  
(σ = 0.18)  
0.77  
 (σ = 0.46) 
19.0* 93.9 
two millimetre 
thin Skin Tite 
layer 
5.50  
(σ = 0.31) 
2.01  
(σ = 0.097) 
/ 36.5 / 
Gecko® 
Nanoplast®  
19.61  
(σ = 3.48) 
5.48  
(σ = 0.64) 
/ 27.9 / 
Anti-Rutsch-Pad 100.19  
(σ = 22.58) 
9.73  
(σ = 3.19) 
/ 9.7 / 
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The adhesion forces of all adhesion devices are plotted against each other in figure 
3.79. For a better comparison in figure 3.79 the adhesion forces of the adhesion devices 
are plotted against each other in newton per contact surface of the adhesion devices.  
 
 
Figure 3.79: Adhesion forces of all artificial adhesion devices and the comparison samples. 
Significant differences were tested by paired, two-tailed t-test: ** highly significant (1%). The 
ends of the boxes define the 25th and 75th percentiles, with a line at the median and error bars 
to the maximum and minimum values. Outlier were marked as points and are defined as Zu=Q1-
1.5*(Q3-Q1); Zo=Q3+1.5*(Q3-Q1) with Zu=outlier bottom, Zo=outlier top, Q1=25% quartile, Q3=75% 
quartile. The adhesion forces of the Anti-Rutsch-Pad were not shown, because otherwise the 
differences in adhesion forces of the other adhesion devices could not be seen, since the Anti-
Rutsch-Pad showed much higher adhesion forces than the other adhesion devices.  
 
The adhesion force of the two millimetre thin Skin Tite layer is significantly higher 
than the adhesion forces of the FADs, the AFDs and the SGDs, but the FRDs show 
significantly higher adhesion forces than the two millimetre thin Skin Tite layer, when 
the pulling force is attached centred (Figure 3.79).  
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When extrapolating the adhesion force of the AFDs measured centred to the same 
contact surface of the round adhesion devices the mean adhesion force is still lower than 
those of the 2 mm thin Skin Tite layer, but the difference is not significant any more 
(unpaired, two-tailed t-test).  
The forces needed to detach the adhesion devices when pulled sideways accounted 
only 19% to 36.7% of the force needed, when the pulling force was attached at their 
centre, with the exception of the Anti-Rutsch-Pad, where the percentage is even lower 
(Table 3.5).  
The analysis of the contact areas between the adhesion devices and the substrate 
revealed trapped air between the FRDs and the substrate (Figure 3.80). For the further 
adhesion devices no trapped air was detected.  
 
 
Figure 3.80: Contact areas of the adhesion devices to a glass plate analysed with a scanner. a 2 
mm thick Skin Tite layer, b FAD, c SGD, d FRD, e AFD. Between the FRDs and the glass plate 
trapped air can be seen. For the further adhesion devices no trapped air was detected.  
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4. Discussion 
4.1 Comparison of the ultrastructure between smooth 
adhesive organs 
The ultrastructure of the arolium of Carausius morosus shares similarities with the 
ultrastructure of the smooth adhesive organs of locusts (Kendall 1970), grasshoppers 
(Slifer 1950), bush crickets (Gorb et al. 2000) and cockroaches (Roth and Willis 1952) 
(see also Bennemann et al. 2011). The adhesive organs of Tettigonia viridissima, for 
example, show a very similar ultrastructure (Gorb et al. 2000). The finest fibres in the 
adhesive organ of T. viridissima have a diameter of about 80 nm and the principal rods 
have a diameter of about 1.12 µm (Gorb et al. 2000). Further, in the latter the fibres are 
orientated in an angle of 60-80° and the epicuticula of T. viridissima has a similar 
thickness as the epicuticula of C. morosus of about 180 nm (Gorb et al. 2000). A 
dissimilarity is that the adhesive organs of T. viridissima show a higher amount of cross-
links interconnecting the fibres within the procuticula (Gorb et al. 2000, Perez Goodwyn 
et al. 2006) (see also Bennemann et al. 2014). But perhaps some of the cross-links 
between the fibres in the procuticula found in different studies as well as in this thesis 
only display preparation artefacts and represent residues of the fluid in between the 
fibres. Gorb et al. (2000) described the cross-links between the fibres as a non-fibrous 
matrix of unclear nature. The morphological and ultrastructural differences between 
smooth adhesive organs of different insects might be based in their adaption to different 
habitats (Perez Goodwyn et al. 2006).  
4.2 From the fibrous ultrastructure of the arolium to fibrous 
adhesion devices  
Adhesive organs are very multifunctional, because they have to satisfy highly diverse 
requirements. The fibrous structure of the procuticula fulfils many of these functions. 
The uniform inclination of the fibres in the procuticula presumably fulfils five different 
functions:  
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First, the uniform inclination of the fibres equips the adhesive organs with a high 
flexibility, because angled fibres can be bend more easily than perpendicular fibres 
(Gorb 2008). This high flexibility is necessary for adhesive organs to conform to 
substrates showing some degree of roughness to gain a preferable large area of direct 
contact between the adhesive organs and the substrate, since their adhesion force is 
proportional to the area of direct contact (Persson 1998: cited in Gorb et al. 2000, 
Persson 2007, Gorb et al. 2000). It is important for adhesive organs to come preferably 
close to the substrate, since van der Waals forces reduce with the power of six with the 
distance between adhering solids (Hamaker 1937). 
Second, the inclination angle of the fibres conforms about the direction of the pulling 
force, which acts on the adhesive organs, when an insect adheres on a ceiling or a 
vertical wall (Gorb 2008). This orientation helps the insects to withstand these pulling 
forces (Gorb 2008), because the pulling force is equally distributed over all fibres. This 
means, that the whole contact area between the arolium and the substrate is loaded 
equally and thus the stress distribution over the whole arolium is uniform, which goes 
along with a maximised adhesion force. A local peak in the stress distribution in the 
adhesive organ could lead to a local detachment of the arolium, which could proceed in a 
complete detachment comparable to a peeling movement. Such a peeling movement 
goes along with a minimum force needed for detachment. 
Third, adhesive organs show higher friction when being pulled proximally than being 
pulled distally (Gorb and Scherge 2000). Gorb and Scherge (2000) attribute this 
property to the angled fibres in the procuticula. Dirks et al. (2012) gave one possible 
explanation for this effect: During proximal pulling the fibres in the procuticula as well 
as the epicuticula and the endocuticula come closer to each other. Meanwhile, the fluid 
in the interspace between the fibres is squeezed in the lateral areas of the adhesive 
organs, which initially did not contact the substrate. Thereby, the volume of the lateral 
areas of the adhesive organs is increased so that they also contact the substrate. This 
means that proximal pulls result in an increase of the contact area between adhesive 
organs and the substrate (Dirks et al. 2012). During distal pulling the fibres line up and 
the distance between the endocuticula and the epicuticula gets larger, which comes 
along with a reduced contact area and thereby reduced friction forces (Dirks et al. 
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2012). Further, the cuticula might become more deformable and peelable allowing an 
easy detachment (Dirks et al. 2012). 
Forth, due to the inclination angle of the fibres the arolium can be stretched more 
expansively in transversal than in longitudinal direction. Maybe this enables the 
increase of contact area during proximal pulling described in the previous paragraph.  
Fifth, the inclination of the fibres in the procuticula might also play a role during 
detachment (Gorb 2008). 
Beside the inclination angle of the fibres in the procuticula many further properties of 
the fibres are optimised for adhesion:  
The branching of the fibres in the procuticula seems to enable the adhesive organs to 
conform to substrates showing different scales of roughness (Gorb 2008). The very 
small diameter of the fibres connected to the epicuticula permits a conformation to 
substrates with a very small roughness. Perhaps the small terminal ends of the fibres 
additionally enable a better conformation to the substrate by pushing the epicuticula 
into asperities of the substrate during attachment. The long and thick branches can 
compensate large asperities of the substrate (Gorb et al. 2000). That principal rods are 
able to deform under a load could be shown by Gorb et al. (2000). Unfortunately, it is not 
clear if the load used by Gorb et al. conformed to the weight of the used insects. The 
functionality to conform to substrates of different scales of roughness is only reachable 
by a hierarchically branched structure of the fibres. Very long fibres of the diameter of 
the fibres connected to the epicuticula would not show this functionality, because they 
would be bent under very low loads and would previously not rebound to their original 
position. Only due to the branching all branches show a small length to diameter ratio 
and thereby the branches can react elastically on deformations.  
Furthermore, the fibres most likely pass on pulling forces very equally on the 
epicuticula due to the branching of the fibres. Thereby high local stress maxima in the 
epicuticula might be prevented. This could be very important, since the epicuticula is 
very thin and therefore has only a limited tear strength. Also the stress occurring in the 
epicuticula during detachment could be passed on to the fibres what might prevent large 
stress values in the epicuticula.  
The fibres in adhesive organs seem to consist of chitin in a protein matrix out of 
resilin (Kendall 1970, Perez Goodwyn et al. 2006). This assumed composition of chitin 
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nanofibres, showing a Young´s modulus of more than 150 GPa (Vincent and Wegst 
2004), and the very elastical resilin (Young´s modulus of about 1 MPa, Vincent and 
Wegst 2004) presumably equips the fibres with a high elasticity and the required 
bending stiffness, which is needed to conform to substrates showing different scales of 
roughness.  
Arrays of thin fibres are soft in compression but strong in tension (Neville 1993, cited 
in: Gorb 2008). The fibres in the arolium also equip the arolium with a high tensile 
rigidity (Gorb 2008). This high tensile rigidity presumably prevents large deformation of 
the arolium during pulling. If the arolium would show large deformations during 
loading, easily high local stress maxima could emerge, which could lead to a gradually 
detachment of the adhesive organ associated with low adhesion forces. Furthermore, 
large deformations would strain the very thin epicuticula. Due to the high tensile rigidity 
of the adhesive organs large deformations and high local stresses in the epicuticula are 
prevented. During proximal pulls the rigidity of the procuticula might even increase, 
because the fibres in the procuticula come closer to each other and may interlock with 
each other, whereby peeling would be prevented and higher adhesion forces would be 
achieved (Dirks et al. 2012). 
Generally, all of these functions of the fibres in adhesive organs are interesting for 
artificial adhesion devices, but some seem to be hardly integrable into artificial adhesion 
devices with the techniques available today. Further, some ways to gain special 
functions, realised in adhesive organs, seem not to be the optimal ways to gain these 
functions in artificial adhesion devices.  
The fabrication of the AFDs (angled fibre devices) showed that artificial adhesion 
devices can be equipped with a certain flexibility provided by angled fibres, but in 
artificial adhesion devices angled fibres might not to be the optimal way to gain the 
required flexibility. In most industrial application areas for artificial adhesion devices 
the loading will be applied perpendicularly or parallel to the substrate and not in the 
direction of the inclination angle of the fibres in arolia. When angled fibres are pulled 
from a direction quite different to their inclination angle they are bent extensively and 
large stress occurs in the fibres and in the connected membrane. This high stress value 
might lead to high wear.  
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Besides, adhesion devices with angled fibres presumably show the highest adhesion 
forces when loaded in the direction parallel to the inclination angle of the fibres and not 
when loaded perpendicularly or parallel to the substrate. Further, when adhesion 
devices with angled fibres are loaded perpendicularly, they would not show a tensile 
rigidity as high as when the adhesion devices would be loaded in the direction parallel to 
the fibres. Therefore, angled fibres seem not to be the optimal way to gain flexibility in 
artificial adhesion devices.  
The further functionalities provided by angled fibres in adhesive organs seem hardly 
integrable into artificial adhesion devices: Different high friction forces during proximal 
or distal loading due to a change of the contact surface are difficult to realise in artificial 
adhesion devices, because this would require a fluid between the fibres and a very 
flexible mounting of the outer coverage of the adhesion devices. Only then the flexible 
substructure could expand laterally, when it is reduced in its height due to a proximal 
pulling, and could thereby increase the contact area of the adhesion device to the 
substrate.  
Further, the adhesion force measurements of the AFDs did not show that the 
inclination angle of the fibres ease the detachment of artificial adhesion devices, because 
the ratio between the adhesion forces performed in the centred and sideways 
measurements was about the same for all adhesion devices. It is unclear why the FEM 
simulation supported an easier detachment of the AFDs when pulled at the blunt edge, 
which is contrary to the results of the adhesion force measurements.  
Summing up, at the moment flexibility seems to be the only feature of angled fibres 
that can be transferred from the adhesive organs to artificial adhesion devices, but it 
might not be the optimal way to gain flexibility, because artificial adhesion devices 
might, in most cases, be loaded from a different direction than adhesive organs.  
Also the branching of the fibres seems to be hardly integrable into artificial adhesion 
devices using today technologies. Processing island-in-the-sea fibres in a way that the 
inner fibres at one of the ends of the fibres were released from their matrix might be a 
way to produce fibres which show one level of ramification, but not seven as true for the 
principal rods in the procuticula. How many levels of ramifications are needed in 
artificial adhesion devices depends on how many different scales of roughness the 
substrate shows, on which the artificial adhesion devices shall adhere. But if the 
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adhesion devices shall adhere on substrates showing quite different scales of 
roughnesses, a ramification in only one level might not be sufficient to gain a close 
conformation to all these different substrates.  
For these reasons for artificial adhesion devices it seems to be favourable to reach 
their required flexibility not by angled fibres, but for example by a soft layer out of a gel 
or a foam.  
Nevertheless, the fibres provide adhesive organs with functionalities, which seem to 
be beneficial to be transferred from adhesive organs to artificial adhesion devices. When 
adhesive organs are loaded parallel to the fibres in the adhesive organs they show a high 
tensile rigidity (Gorb 2008), presumably low deformations and presumably a relatively 
uniform stress distribution over the whole contact area and thus a high adhesion force. 
By reinforcing artificial adhesion devices with fibres parallel to the forces acting on 
them, meaning perpendicular to the surface, artificial adhesion devices could also be 
equipped with a high tensile rigidity. Thereby the contact area of the adhesion devices 
should be loaded equally and local stress peaks leading to a gradual detachment should 
be prevented.  
When fibres equip the adhesion devices only with tensile rigidity and not with 
resilience it is not necessary any more that the fibres are orientated in an angle to the 
substrate on the condition that the fibres show a very small bending stiffness so that the 
fibres do not prevent the resilience of the adhesion devices. Also a ramification of the 
fibres is not necessary to reach a high tensile rigidity.   
In the FRDs (fibre reinforced devices) the flock fibres were meant to equip these 
adhesion devices with a high tensile rigidity in loading direction. The high adhesion 
forces measured for the FRDs could be based in a high tensile rigidity of the FRDs. In the 
SGDs (soft gel devices) the solitary usage of a very soft silicone as flexible substructure 
showed the disadvantage of large deformations during loading. These large 
deformations led to a gradual detachment of the SGDs during the centred loading 
resulting in relative low adhesion forces. Due to the insertion of flock fibres in the FRDs 
the pulling force presumably was directly transferred along the fibres to the terminating 
membrane. This might have prevented large deformations during the adhesion force 
measurements, it might have prevented further a non-uniform stress distribution at the 
contact area and it might have prevented thereby a gradual detachment as in the SGDs. 
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The soft silicone layer in the SGDs is higher than that in the FRDs so that large 
deformations during the loading might be more likely in the SGDs than in the FRDs. 
Nevertheless, the FRDs showed the highest adhesion forces under all artificial adhesion 
devices, which might be based in a higher tensile rigidity of these artificial adhesion 
devices. The high adhesion force may also be increased by the viscoelasticity of the 
silicone gel with the interaction of the silicone gel and the fibres leading to an inert 
deformation behaviour (see also chapter 4.9).  
To achieve an increase of the tensile rigidity by a reinforcement with very thin fibres 
the density of these fibres must be very high. If this high density is not reached the fibres 
easily rip during the deformation of the surrounding matrix and the fibre reinforcement 
does not influence the properties of the adhesion devices any more. With the 
electrospinning method used in this thesis this density seemed not to be achievable. 
Nevertheless, with another set-up for electrospinning the fabrication of fibres suitable 
for a reinforcement of adhesion devices might be possible.  
The FEM simulations of the SGDs and the FRDs confirm the assumption that the FRDs 
showed higher adhesion forces due to their reinforcement by flock fibres. The fact that 
the stress values at the lower corners of the SGDs are much higher than the stress values 
at the lower corners of the FRDs could suggest a detachment of the SGDs at lower pulling 
forces as for the FRDs. When the stress distribution at the contact area of adhesion 
devices is very unequal, as the FEM simulations showed for the SGDs, the stress will rise 
till one presumably small area of the contact between the adhesion device and the 
substrate shows a critical stress value and gets detached. This is followed by the 
detachment of a further small area so that the detachment occurs little by little. To 
detach these little areas low pulling forces are needed, which means that the adhesion 
device shows a low adhesion force. When the contact area of an adhesion device shows a 
more uniform stress distribution during loading, as the FEM simulations showed for the 
FRDs, the stress in the whole contact area will rise till the stress in almost the whole 
contact area will exceed a critical value and the detachment will occur in one short step. 
A simultaneous detachment of the whole contact area of an adhesion device requires a 
high pulling force, which means the adhesion device shows a high adhesion force.  
The deformation of the FRDs during pulling is mainly restricted by the tensile rigidity 
of the fibres. The fact that the fibres in the FRD model show higher stress values in the 
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middle of the model than at the sides of the model (Figure 3.76d) points out that the 
fibres in the middle get more elongated than the fibres at the corners of the FRDs. This 
could imply that the FRDs are detached from the middle, which is only possible when 
the whole adhesion device is detached in one step. Further this could lead to a negative 
pressure in the interspace between the adhesion device and the substrate during 
loading, as true for suckers. Both would increase the force needed to detach the FRDs.  
4.3 Adhesive fluid 
It seems that all adhesive organs, also those of spiders, mites and further arachnids 
(Peattie et al. 2011) and even the adhesive organs of geckos (Hsu et al. 2011), are 
covered with a fluid film. This would mean that all adhesive organs rely to some extent 
on adhesive fluids between the adhesive organs and the substrate and illustrates the 
importance of the adhesive fluids for adhesion.  
For Mantophasmatodea it was found that the adhesive fluid is produced in the 
arolium in epithelial glands formed by a greatly folded epidermis (Eberhard et al. 2009). 
The protuberances found in the arolium of C. morosus also seem to originate from the 
epidermis and might be the place of the production of the adhesive fluid. In 
Mantophasmatodea the adhesive fluid is stored in a gland reservoir between the 
epidermis and the cuticula (Eberhard et al. 2009). In C. morosus the adhesive fluid might 
be stored in between the interspace of the fibres in the procuticula (Bennemann et al. 
2011). 
Up till now it is not completely resolved how the adhesive fluid comes on the surface 
of the adhesive organs. Dirks and Federle (2011b) assumed that the secretion takes 
place passively. Also Gorb (2008) considers that the adhesive fluid is passively pressed 
out of the pad in the contact area. Eberhard et al. (2009) assumed that in 
Mantophasmatodea the adhesive fluid could be transported from the gland reservoir on 
the outside of the arolium through small pore channels. Scholz et al. (2008) also found 
channel-like structures in the epicuticula of C. morosus and assumed that through these 
channels the adhesive fluid could be brought on the surface of the arolia. The channel-
like structures in the epicuticula of C. morosus, which also could be found in this thesis 
(Fig. 3.10b), might connect the procuticula with the surface of the arolium (see also 
Bennemann et al. 2011). In the case that the adhesive fluid is stored in between the 
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fibres in the procuticula it could be pressed out through these channel-like structures. 
Gorb et al. (2000) also assumed for the euplantulae of T. viridissima that the interspace 
of the fibres in the procuticula is filled with a fluid, which could be transported to the 
cuticula surface through terminal channels. Further ultrastructural analyses are 
necessary to prove where in the arolium of C. morosus the adhesive fluid is produced 
and how it is brought onto the surface of the arolia.  
In the outer layer of the euplantulae quite large channel-like structures were found. 
These structures have a similar size to “pores” found on the arolium cuticula of 
Mantophasmatodea, for which the function to bring the adhesive fluid on the surface of 
the adhesive organs has been discussed (Eberhard et al. 2009). But those channel-like 
structures also could represent the opening of channel sensilla as found in the pulvilli of 
Schistocerca gregaria (Kendall 1970) as also discussed for the pore channels found in 
the arolia of Mantophasmatodea (Eberhard et al. 2009).  
Despite the advantages of the adhesive fluid in the adhesion of adhesive organs for 
artificial adhesion devices it would be optimal to leave behind any residual after 
detachment and therefore adhesion should be accomplished without the usage of an 
adhesive fluid.  
4.4 Surface microstructures on adhesive organs and 
adhesion devices 
As the arolia of C. morosus, smooth adhesive organs mostly show certain surface 
microstructures (Beutel and Gorb 2001, Gorb and Beutel 2001, Perez Goodwyn et al. 
2006, Scholz et al. 2008). Many different functions of these surface microstructures have 
been discussed.  
The surface microstructures could, by acting as a drainage, prevent a too thick 
adhesive fluid layer between the adhesive organs and the substrate, which would lead to 
aquaplaning (Federle et al. 2006, Gorb 2008). Further, the surface microstructures could 
lead to a uniform and rapid spreading of the adhesive fluid over the contact surface of 
the adhesive organs when the capillary channels are connected to each other as true for 
tree frogs (Ohler 1995). Also, the surface microstructures could prevent aquaplaning on 
wet substrates (Gorb 2008). Besides, the adhesive fluid might be trapped in the grooves 
of the surface microstructures and might be reused in the next step (Gorb 2008).  
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Furthermore, the subunits of the surface microstructures on smooth adhesive organs, 
as the hexagons of Tettigonia viridissima, might make contact individually during 
attachment as true for hairy adhesive organs, which could lead to a better conformation 
of rough substrates (Scherge and Gorb 2001, Autumn and Peattie 2002, Arzt et al. 2003, 
Persson 2003, cited in: Gorb 2008). The individual attachment of the surface 
microstructure subunits also might prevent the trapping of air between the adhesive 
organ and the substrate.  
Moreover, the surface microstructure might prevent direct crack propagation during 
detachment, because the pulling force is not directly transferred over the epicuticula, 
but has to go from one microstructural subunit to the next (Gorb et al. 2007b).  
The surface microstructures could also provide further surface area beneficial to 
conform to rough substrates (Bennemann et al. 2011). A smooth surface has to bend 
very much to conform to a rough substrate, but a surface with a microstructure has a 
higher surface area and must not bend so much to conform to a rough substrate. The 
surface microstructure of C. morosus of parallel longitudinal grooves might equip the 
adhesive organs with a lower tensile rigidity in transversal direction and might enable a 
high stretching of the cuticula in this direction (Dirks et al. 2012).  
The manifold different surface microstructures let assume that the detailed 
microstructure on the adhesive organs seems not to be essential (Scholz et al. 2008), as 
long as the microstructure is in the right scale.  
Chan et al. (2008) have shown that a soft polymer patterned with little wrinkles 
improves adhesion. This could be confirmed in this thesis for structured PDMS samples 
showing surface microstructures similar to that of C. morosus (see also Hejj 2011). These 
findings indicate that a surface microstructure itself can increase the adhesion force also 
in the absence of an adhesive fluid. This might be based in a better conformation to the 
substrate based on the surface microstructure subunits, which individually make 
contact, and the prevention of air trapping and crack propagation. The microstructure of 
the multispectral foil might provide higher adhesion forces than the microstructure of 
the diffraction grating, because the structure of the multispectral foil might prevent the 
trapping of air and the crack propagation in two directions perpendicular to each other 
and the structure of the diffraction grating only in one direction. The higher differences 
between the adhesion forces of smooth and structured samples when measured with a 
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round indenter than measured with a flat indenter might be based in the different 
detachment processes. In a detachment between two flat objects the detachment 
presumably normally occurs from one edge of the sample to the opposite and in a 
detachment of a round object from a flat sample the detachment occurs from the whole 
perimeter of the contact area. In the second detachment process the possible prevention 
of the direct crack propagation due to the surface microstructure might be more 
important than in the first detachment process.  
Summing up, surface microstructures can increase adhesion forces also in the 
absence of a fluid layer. Therefore, also for smooth artificial adhesion devices, which 
shall work without an adhesive fluid, it seems to be favourable to show a surface 
microstructure in the micrometre range.  Especially, a surface microstructure might be 
favourable if the adhesion devices are intended to adhere on rough substrates or in 
moist environments. 
4.5 Replication 
The replication method established by Koch et al. (2008) seems to be suitable to 
replicate the ultrastructure on adhesive organs of insects. The folds on the replica of the 
arolium have larger interspaces between each other and have a less height. This might 
indicate that the moulding material performed a pressure on the arolium during 
moulding and that the replica shows the arolium in the condition under light pressure. 
This could explain the higher distances and the lower heights of the folds in the replica 
than in the CP dried arolium. Besides, this could approve the suggestion that the folds on 
the arolium serve as a reserve surface and improve the moulding of rough substrates 
(see also Bennemann et al. 2011). Another explanation for the differences in the sizes of 
the folds on the CP dried sample and on the replica might be that the CP dried sample 
shrunk during drying.  
4.6 Contact area 
The linear increase of the contact area of stick insects in relation to their body weight 
(Figure 3.26) implies, that small stick insects have in relation to their weight equally 
sized contact areas as large stick insects. This finding supports the assumption, that the 
adhesion force of contact areas increases linear with their surface areas and does not 
depend on the perimeters of the contact areas. If the adhesion force of contact areas 
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increases linear with their surface areas, this would imply that splitting up the contact 
area might not be as important as thought in earlier studies as Arzt et al. (2003) and 
Kamperman et al. (2010), except for adhesion on very rough substrates to which smooth 
adhesive organs cannot adhere. The finding also implies, that the arolia of stick insects 
grow faster than the rest of the body of the stick insects, because during a uniform 
growth of stick insects the contact areas of the adhesive organs would increase by the 
power of two, whereas the weights of the stick insects would increase by the power of 
three. 
The assumption, that splitting up the contact area is not stringently required to gain 
high adhesion forces, supports the plan to fabricate smooth artificial adhesion devices 
instead of hairy artificial adhesion devices.  
4.7 Determination of the Young´s modulus of the epicuticula 
The usage of tensile testing instead of indentation testing enabled the determination of 
the Young´s modulus of the epicuticula itself instead of a joint effective Young´s modulus 
of several layers of the arolium cuticula. In indentation experiments the hydroflation of 
the pretarsus and all layers of the cuticula presumably have an impact on the 
deformation behaviour of adhesive organs so that only a joint effective Young´s modulus 
of several layers of the adhesive organs can be determined. In tensile testing the 
hydroflation of the pretarsus is negligible since mainly the outer layers of the arolium 
have an impact on its deformation behaviour. For that reason the Young´s moduli 
determined in this thesis are much higher than the effective Young´s moduli determined 
in previous studies (Gorb et al. 2000, Perez Goodwyn et al. 2006, Scholz et al. 2008) (see 
also Bennemann et al. 2014).  
The Young´s moduli determined in the finite element models using CGI (from here 
denoted as models I; the same is true for the models using the CGII-IV) are very high. 
This is based in the very thin thickness of the cuticula in CGI and the fact that the 
cuticula around the contact area is neglected in these models. Comparing the Young´s 
moduli determined in the models I with those of models III it is obvious that the 
additional thick cuticula membrane in CGIII caused in the finite element models of the 
first three tensile tests only a slight reduction in the Young´s modulus determined for 
the epicuticula. The Young´s modulus determined for the fourth tensile test was a little 
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higher. The very high Young´s modulus determined in the model of tensile test four 
caused that the Young´s moduli estimated for the tensile tests 5-11 were mostly higher 
for CGIII than for CGI. In this case the estimation of the Young´s modulus by using the 
results of the finite element simulations led to wrong predictions. Nevertheless, the 
models III indicate that the contribution of the layers lying underneath the epicuticula to 
the tensile rigidity of the arolium might be quite low.  
The contribution of the layers subjacent to the epicuticula to the tensile rigidity of the 
arolium might be higher in the arolium than in the models III and IV, because in these 
models the thin and thick cuticula membranes show a high difference in their Young´s 
moduli. In the models II the high thickness of the cuticula has a higher contribution to 
the determined Young´s modulus as in the models III and IV, because of the uniform 
Young´s moduli of the cuticula. In the arolium of C. morosus a gradual decrease of the 
effective Young´s modulus from the top to the bottom of the procuticula is likely 
corresponding to the decreasing ratio of fibres to the matrix (Fig. 3.9).  
The comparative low Young´s modulus determined in the models II could give an 
indication for the effective Young´s modulus of the whole cuticula complex from the 
epicuticula to the epidermis. Considering that in this cuticula-geometry the cuticula 
around the contact area was neglected, the real effective Young´s modulus of the whole 
cuticula complex presumably lays quite below the determined value of 26.8 MPa. The 
surroundings added to CGIII resulting in CGIV caused a reduction of the Young´s 
modulus from the models III to IV of about 80%. Transferring this reduction on the 
Young´s modulus determined in the models II the real effective Young´s modulus of the 
whole cuticula complex might lay in the range of about 5.4 MPa. Presumably, the 
Young´s modulus lies even below this value, because in the models III and IV the thick 
cuticula membrane has, in comparison to models II, a low Young´s modulus of 625 kPa. 
The hydroflation of adhesive organs presumably further reduces the effective Young´s 
modulus of the whole adhesive organs. The value of 5.4 MPa constitutes about a four-
fold of the effective Young´s moduli determined by Perez Goodwyn et al. (2006) for the 
adhesive organs of Locusta migratoria using a XP nano-indenter.  
Considering the impact of the hydroflation on the results of indentation testing the 
Young´s modulus inputted for the thick cuticula in models III and IV representing the 
cuticula layer from the procuticula to the epidermis could be higher than the assumed 
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value of 625 kPa adopted from Scholz et al. (2008). Inputting higher values for this 
cuticula layer would presumably lead to the determination of lower Young´s modulus 
for the epicuticula.  
The models IV mirror the geometry of the cuticula best, so that the results of these 
models might give the most accurate estimation of the Young´s modulus of the 
epicuticula. The Young´s modulus of the epicuticula determined in the models IV is very 
high compared to the Young´s modulus determined for the epicuticula by Scholz et al. 
(2008). The very low Young´s modulus determined by Scholz et al. (2008) is presumably 
due to the fact that the cuticula is not totally stretched in normal conditions, but it is 
slightly folded. In the first nanometres of the indentation the epicuticula might only be 
spanned and only when the epicuticula is spanned it is stretched. That the outermost 
layers of adhesive organs show a higher Young´s modulus than the underlying cuticula 
layers is in agreement with previous studies (Perez Goodwyn et al. 2006, Gorb 2008) 
(see also Bennemann et al. 2014).  
During the transversal tensile tests as well first the cuticula might not be stretched, 
but only spread till the cuticula showed no grooves any more. This is consistent with the 
observation that the cuticula was elongated more at the beginning of the tensile tests 
than at the end (Fig. 3.35, see also Backhaus 2013). Based on the high extent of 
elongation of the membrane of 12% it is safe to assume that the initial spreading of the 
cuticula is negligible for the determination of the Young´s modulus. The fact that the 
cuticula was stretched more at the beginning of the tensile tests indicates that the fibres 
in the procuticula do not have a high impact on the force needed to stretch the 
epicuticula transversal. The force, which is needed to bend the fibres should be 
consistent from the beginning of the stretching. The assumption that the fibres have a 
low impact on the tensile rigidity of the cuticula in direction perpendicularly to the 
fibres supports the high Young´s moduli determined for the epicuticula by tensile testing 
(see also Bennemann et al. 2014).  
The angled arrangement of the fibres in the procuticula in proximal to distal direction 
might lead to a higher tensile rigidity of the cuticula in this direction than in the left to 
right direction in which the fibres are arranged perpendicularly to the epicuticula. This 
difference in tensile rigidity might explain that the cuticulae showed almost no or no 
elongation in the longitudinal tensile test (see also Bennemann et al. 2014). 
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The method to analyse the Young´s modulus of biological superficial tissues by tensile 
testing is illustrated here for the first time and refinements are required to achieve even 
more accurate values. To know the exact thicknesses of the epicuticulae and the further 
cuticula layers of the same stick insects used in the tensile tests would improve the 
validity of the method (see also Bennemann et al. 2014). The measurement of the forces 
needed to expand the latex membrane with and without an adhering arolium might be 
beneficial in a refinement of the method. To know the exact Poisson´s ratio of the 
cuticula layers and to know the influence of the tissue surrounding the contact area to 
the tensile behaviour of the cuticula would further improve the results (see also 
Bennemann et al. 2014).  
The determination of the Young´s modulus of the epicuticula of C. morosus using 
tensile testing showed the feasibility to analyse the mechanical properties of soft 
superficial biological tissues by tensile testing followed by finite element simulation. The 
results support the assumption of Perez Goodwyn at al. (2006), that smooth adhesive 
organs are covered with a very thin epicuticula with a high Young´s modulus, which is 
supported by a fibrous procuticula, which equips the adhesive organs with the required 
softness needed for the conformation to the substrate (see also chapter 4.2) (see also 
Bennemann et al. 2014 and 2015).  
4.8 From the epicuticula to the coverage of adhesion devices 
According to the Dahlquist criterion (Dahlquist 1966) materials are tacky when their 
Young´s modulus is lower than about 100 kPa. Indentation tests of adhesive organs of 
different species resulted in effective Young´s moduli (Eeff) of the whole adhesive organs 
close by this value: Perez Goodwyn et al. (2006) determined an Eeff of the adhesive 
organs of Locusta migratoria of about 250-1250 kPa and Gorb et al. (2000) determined 
an Eeff for the adhesive organs of Tettigonia viridissima of about 27 kPa. Scholz et al. 
(2008) determined in first nanometre of the indentation of the arolium of Carausius 
morosus a Young´s modulus of 12 kPa.  
However, adhesive organs covered by or consisting of a material with a Young´s 
modulus of 100 kPa or below would be very susceptible for wear and contamination 
(Bennemann et al. 2014). Federle (2006) also assumed that smooth adhesive organs 
would show a disadvantage compared to hairy adhesive organs, because of their usage 
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of very soft materials, which are typically more susceptible to creep, wear and 
contamination. But by the combination of a very thin coverage with a high Young´s 
modulus and a very resilient substructure, adhesive organs seem to be able to show an 
Eeff around 100 kPa without being susceptible for wear and contamination. Such 
adhesive organs, consisting of a soft core and covered with a stiffer layer combine 
conformability to surface roughness and resilience to the environment (Perez Goodwyn 
et al. 2006) (see also Bennemann et al. 2014).  
Further, due to its very thin thickness, the epicuticula enables the conformation of the 
arolium to substrates with roughnesses down to very small scales. Generally, a thin 
membrane can conform better to a rough substrate than a solid material, when the 
thickness of the membrane is smaller than the wavelength of the roughness of the 
substrate (Persson and Gorb 2003, Gorb 2008). Transferred on C. morosus, whose 
epicuticula has a thickness of about 225 nm, it should be able to adhere to substrates 
with roughnesses higher than 225 nm only by passively folding its epicuticula around 
surface asperities during attachment. For bending or folding a much higher Young´s 
modulus is tolerable than for elastic Hertz-deformation of a semi-infinite material (see 
also Bennemann et al. 2014).  
One can abstract from these functions of the epicuticula that it is favourable to 
produce artificial adhesion devices with preferable thin terminating membranes of 
higher Young´s modulus supported by an underlying layer of a high resiliency and a high 
elasticity (Bennemann et al. 2014 and 2015). Biomimetic adhesion devices fabricated 
after this design principle would show the advantage to be less susceptible to 
contamination and abrasion (see also Bennemann et al. 2014).  
The adhesion devices presented in this thesis do not work after this assumed 
principle of adhesive organs to conform to a substrate. The comparable high thickness of 
the coverage of the adhesion devices presented in this thesis of at least 40 µm is too high 
to bend around surface asperities present on macroscopically smooth surfaces. Instead, 
the coverage of the adhesion devices has a much lower Young´s modulus than 
determined in this thesis for the epicuticula, so that it can conform to asperities of the 
substrate. The high softness of the coverage has the disadvantage of being more 
susceptible for wear and contamination. Adhesion devices with a thinner coverage 
showing a higher Young´s modulus are previously less susceptible for wear and 
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contamination. Unfortunately, none of the materials, analysed concerning their adhesion 
forces in this thesis, seemed to be suitable to fabricate a membrane of similar thickness 
as the epicuticula. To find such a material it is not possible to measure the adhesion 
force of potential suitable materials on a solid material sample, but thin membranes out 
of the materials have to be fabricated and these membranes have to be supported by 
very flexible substructures so that the membranes can conform to surface asperities.  
4.9 From fluid filled adhesive organs to fluid filled adhesion 
devices 
The material, of which adhesive organs like the arolia of C. morosus consist, can be 
defined as a fibre composite filled with fluid (Gorb 2008). This composition let adhesive 
organs act viscoelastic, where the solid components, meaning the fibres and the epi- and 
endocuticula, seem to be responsible for elastic answers on deformations and the fluid 
components, meaning the fluid in between the fibres and maybe the hemolymph, are 
responsible for viscose ones (Gorb et al. 2000). Elastic deformations are rapid and 
viscose deformations are slow. Thus, the viscose part provides the adhesive organs with 
certain inertia during deformations. This inertia presumably results from the 
interactions of the fluid with the fibres in the procuticula (Gorb et al. 2000). The 
adhesive fluid seems to show a high viscosity (Gorb 2008). Assuming that the fluid in 
between the fibres is the same as the adhesive fluid (see chapter 4.3), its high viscosity 
would further increase the inertia of these interactions. Besides, the adhesive fluid 
seems to have shear-thinning, non-Newtonian properties, as a Bingham-fluid, which 
reacts as an elastic body till the shear forces exceed a certain value (Drechsler and 
Federle 2006, Dirks and Federle 2011a). This property also could increase the inertia of 
deformations in adhesive organs, when it is assumed that the shear forces found in 
insects adhering non-moving on a wall or a celling do not exceed the certain shear force 
value of the fluid. Thereby, during this “normal loading” deformations in the adhesive 
organ were presumably prevented and thus a gradual detachment of the adhesive 
organs is barred. When the adhesive organ is loaded with larger shear forces the fluid in 
between the fibres acts as a fluid and the whole adhesive organ can be deformed 
allowing an easy detachment from the substrate.  
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Besides, their viscoelasticity prevents adhesive organs from acting only elastically, 
which would lead to a rebound of the adhesive organs directly after attachment (Gorb 
2008). 
Viscoelastic properties also seem to be beneficial for artificial adhesion devices. Gorb 
(2008) assumed that smooth “sandwich-like” adhesion devices, in which the interspace 
between columns in the middle of the “sandwich” is filled with a viscous fluid, should 
show higher adhesion forces, because the fluid could lead to better energy dissipation of 
forces acting on the devices.  
The very soft gel in the SGDs and maybe additionally the interaction of this gel with 
the fibres in the FRDs might equip these adhesion devices with viscoelastic properties. 
When the fibres in artificial adhesion devices only equip the devices with tensile rigidity 
and not with elasticity, this function has to be adopted by the matrix in between the 
fibres. Thus, the matrix has to show elastical properties, which ensure that the artificial 
adhesion devices take on their original shape after detachment and the matrix should 
show some viscos properties.  
In most application areas adhesion devices are presumably loaded perpendicular to 
the surface. During such a loading no or only very few shear forces act on the adhesion 
devices, so that non-Newtonian properties inside adhesion devices would not change 
the deformation behaviour of those adhesion devices. But using a matrix, which flow 
properties can be changed, should enable to fabricate adhesion devices in which the 
adhesion can be switched on and off. This might be realizable by the fabrication of 
adhesion devices showing a matrix out of an electrorheological or a magnetorheological 
fluid. Those fluids are fluid under normal conditions and rather solid when exposed to 
an electrical or a magnetic field. During attachment the fluid matrix could enable the 
conformation to the surface roughness and after conformation the matrix could be 
switched to a solid. This might increase the adhesion forces of adhesion devices, since 
the whole contact area of such adhesion devices would have to be detached in one step. 
Magnetorheological fluids were already used to fabricate attachment devices with 
switchable adhesion (Ewoldt 2011).  
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4.10 From the functional morphology of the euplantulae to 
foamy adhesion devices 
The euplantulae of C. morosus seem to exhibit an ultrastructure composed of foamy and 
fibrous components (Bennemann et al. 2011). The foamy components of the euplantulae 
are similar to the inner structure of the smooth arolia of Cercopis vulnerata (Beutel and 
Gorb 2001). The foamy structures presumably equip adhesive organs with a similar 
ability to conform to rough substrates as the fibrous structures found in other adhesive 
organs (Gorb 2008). The diameters of the foam cells in C. vulnerata increase in deeper 
layers of the arolium forming an integral foam (Beutel and Gorb 2001, Gorb 2008). This 
hierarchical organisation might enable the conformation of these adhesive organs to 
substrates, showing different scales of roughness comparable to the hierarchical 
organisation of the branching fibres as found in other smooth adhesive organs (Gorb 
2008). For the euplantulae of C. morosus this hierarchical organisation could not be 
shown. The fibrous components of the euplantulae might equip the euplantulae with a 
high tensile rigidity.  
The hairy euplantulae of stick insects seems to be optimised for friction and show 
negligible adhesion forces (Labonte and Federle 2013). Stick insects stand on the two 
proximal pairs of euplantulae and to a small amount on their arolia when no adhesion 
forces are required, meaning, when the stick insects stand upright or on small slopes 
(Labonte and Federle 2013). Thereby, the more delicate arolia are protected from wear 
and since the euplantulae show low adhesion forces for detachment of the tarsi lower 
forces were needed (Labonte and Federle 2013). But to stand upright on the bottom 
might be an unnatural posture for stick insects and there certainly are further functions 
of the euplantulae. Maybe in case of spontaneous high loadings of the adhesive organs 
by wind gusts for example all euplantulae and the arolia are passively brought in full 
contact to the substrate. In Dirks et al. (2012) it was suggested, that the complex 
ultrastructure of arolia might enable an increase of contact area due to a sudden 
mechanical perturbation. Besides, a passive adaption to the loading is realised thereby 
that the friction forces of euplantulae are load-sensitive and the adhesion forces of arolia 
are shear-sensitive (Labonte and Federle 2013). The high speed video recording shown 
in figure 3.55 supports that euplantulae show high friction forces and low adhesion 
forces. In this video euplantulae show high friction forces in proximal direction, but low 
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adhesion forces since the movement of the leg of the stick insect resulted in a slow 
proximal movement as long as the euplantulae were in contact to the substrate and at 
detachment the movement in proximal direction increased considerably, whereas the 
distance of the leg and the substrate increased only slightly. Besides, hairy adhesive 
organs seem to be better adapted than smooth adhesive organs to generate higher 
friction forces on surfaces showing different scales of roughness (Bußhardt et al. 2012). 
The elongations of the acanthae inside the euplantulae (figure 3.20) may prevent a 
bending of the acanthae and might therefore increase the friction force of the 
euplantulae.  
For the fabrication of artificial adhesion devices it seems to be favourable to include 
the foamy component, to conform to the substrate, as well as the fibrous component, 
which might limit the deformation during loading. In the FADs (foamy adhesion devices) 
only the foamy component is realised and maybe therefore these adhesion devices 
showed not as high adhesion forces as the FRDs. Presumably, the low tensile rigidity of 
the FADs allowed a gradual detachment of the FADs during centred loading as also true 
for the SGDs.  
In contrast to the foam cells in adhesive organs, which are filled with fluid (Beutel and 
Gorb 2001), the cells of the foamy adhesion devices contain gas and are therefore much 
more deformable since gas is compressible. This higher softness is an advantage during 
conformation but a disadvantage during loading, because it enables higher deformations 
during detachment, which could initiate a gradual detachment comparable to peeling. 
Since the euplantulae of stick insects are optimised for friction and not for adhesion 
the smooth foamy adhesive organs of C. vulnerata might be a better model for the 
fabrication of artificial foamy adhesion devices than the euplantulae of stick insects. 
Especially, the decreasing diameter of the foam cells in direction to the surface of the 
adhesive organs seems also suitable for adhesion devices to achieve a good 
conformation to rough substrates.  
4.11 Attachment forces of stick insects 
In previous studies attachment forces of insects were measured by loading them with 
weights, with centrifugal force measurement devices, balances and strain gauges (Lees 
and Hardie 1988, Dixon et al. 1990, Federle et al. 2000). Federle et al. (2000) presented 
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a survey of insect attachment forces measured without the contribution of friction on a 
smooth horizontal glass or Perspex surface. According to this survey the adhesion forces 
of insects lay between the 1.5 fold to the 146 fold of the weights of the insects. The 
adhesion forces of stick insects measured in this thesis accounted up to about the 5.48 
fold of their weights without the contribution of friction forces and measured on 
polishing paper. Neglecting the different substrates used, stick insects perform rather 
low adhesion forces compared to other insects as ants.  
The smooth adhesive organs of the aphid Megoura viciae have a comparable 
morphology to the adhesive organs of C. morosus, but they belong to the pulvilli and can 
be everted and withdrawn (Lees and Hardie 1988). Nevertheless, M. viciae shows 
comparably high adhesion forces as C. morosus per surface area of about 3.3 N/cm² 
including friction forces and about 0.66 N/cm² without friction forces (Lees and Hardie 
1988). In this comparison it has to be considered that the adhesion forces of aphids 
were measured on a polished glass substrate and the adhesion forces of stick insects on 
polishing paper. Nevertheless, the similarity of the measured adhesion forces per 
surface area supports the accuracy of the measurements carried out in this thesis. 
The horizontal adhesion force measurement device was used to measure the total 
attachment force including friction between the adhesive organs and the substrate, 
comparable to the condition when a stick insect adheres on a vertical wall. The vertical 
device was used to determine the adhesion force of stick insects without friction 
between the adhesive organs and the substrate, comparable to the condition when a 
stick insect adheres upside down on a ceiling. Little friction also might occur in the 
vertical adhesion force measurements between the arolia and the polishing papers, 
because the centrifugation force acts mainly on the body of the stick insects and not on 
the arolia itself. The pulling force on the body of the stick insect may result in a 
movement of the legs in the middle under the stick insect, resulting in a low friction 
force. It was assumed that the friction force resulting from this movement is negligible. 
Therefore it was assumed that in the measurement using the vertical device the 
measured adhesion force describes the pure adhesion force without any frictional 
component. This also means that the measured adhesion force is not affected by the 
claws, but describes the pure adhesion force of the arolia.  
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In the horizontal adhesion force measurements the claws could also contribute to the 
measured adhesion force. The tips of the claws of juvenile stick insects have a diameter 
of down to 700 nm (Figure 3.4). This implies that stick insects cannot effectively use 
their claws on substrates with a roughness smaller than 700 nm. This means that the 
stick insects could have used their claws in the adhesion force measurements on all used 
polishing papers except on the polishing paper with a roughness of 0.3 µm. Since the 
grains of all used polishing papers does not show sharp edges, where the claws of the 
stick insects could hook into, it is assumed that the friction forces performed by the 
claws are small for all used polishing papers. This would mean that the differences in 
adhesion force between the horizontal and vertical measurements mainly result from 
the friction between the arolia and the polishing papers in the horizontal measurements 
and that the differences are not based on the friction between the claws and the 
polishing paper in the horizontal measurements. If the friction of the claws would play a 
major role for the performed adhesion forces the ratio between the adhesion forces 
measured horizontally and vertically on the polishing paper with a roughness of 0.3 µm, 
on which the claws cannot adhere, should be small in comparison to the ratios of the 
adhesion forces measured on the other polishing papers. But the ratio for the polishing 
paper with the roughness of 0.3 µm is the highest of all polishing papers.  
In the vertical and the horizontal force measurements the stick insects performed the 
highest forces on the polishing paper with a roughness of 9 µm and the lowest forces on 
the polishing paper with a roughness of 1 µm. The fact that the highest and lowest 
adhesion forces where measured on both devices on the same polishing paper supports 
the hypothesis that the friction between the claws and the polishing papers in the 
horizontal measurements does not play a big role for the measured forces. The different 
adhesion forces seem to be based in a different well conformation of the arolia to the 
substrate.  
In the horizontal adhesion force measurements the euplantulae might contribute to 
the high friction forces. The frictional coefficient of euplantulae range between 2 and 4 
(Bußhardt et al. 2012, Labonte and Federle 2013) and the attachment forces of stick 
insects measured in this thesis accounted up to the 20th of the weight of the insects. This 
means that if the euplantulae contribute to the friction forces measured in the horizontal 
attachment force measurements their contribution is rather low. Since Labonte and 
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Federle (2013) assume the adhesion force of euplantulae as negligible the influence of 
the euplantulae on the vertical adhesion force measurements was also assumed as 
negligible.  
The about three and a half times higher attachment force of the stick insects on the 
horizontal than on the vertical turning device, suggests that 70% of the attachment force 
performed in the horizontal adhesion force measurements depends on friction, which 
presumably mainly takes place between the arolia and the substrate (see above). In 
earlier studies the frictional component of the attachment forces was figured out to be 5-
18 times higher than the adhesion force (Gorb et al. 2002). The ratio between friction 
force and adhesion force depends on the weight of the insect and is larger for lighter 
insects (Gorb et al. 2002). The stick insects used in the adhesion force measurements 
had a middle weight in relation to the insects to which Gorb et al. (2002) referred to and 
therefore a higher ratio between friction and adhesion is predicted. But it has to be 
considered that in this thesis the forces were measured on polishing paper and that the 
measurements mentioned above were carried out with hairy adhesive organs. Perhaps 
the regularity found by Gorb et al. (2002) is only valid for hairy adhesive organs.  
In most previous studies attachment forces were measured on smooth substrates. In 
this thesis the adhesion forces were measured on polishing papers of different 
roughness. The different high attachment forces of the stick insects on polishing papers 
of different roughness presumably result in a different well conformation of the arolia to 
the polishing papers. The better the conformation to a rough substrate, the larger is the 
real contact area between the adhesive organs and rough substrates as the polishing 
papers and the larger the real contact area between the adhesive organs and the 
substrate, the higher are the adhesion and friction forces (Persson 2007). 
Arolia only can gain adhesion forces on surfaces when the energy needed for the 
elastic deformation to conform to the substrate is lower than the adhesion force gained 
through the conformation (Scholz et al. 2010, Dirks and Federle 2011a). In the 
experiments with the horizontal and the vertical experimental set-up stick insects 
showed the lowest adhesion force on the polishing paper with a roughness of 1 µm. This 
suggests that more energy is needed to conform the arolia to the polishing paper with a 
roughness of 1 µm than to the polishing papers of other roughnesses. This finding might 
confirm the assumption that stick insects adhere worst on substrates with a spacing of 1 
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µm (Scholz et al. 2010), because the polishing paper with a grain size of 1 µm show a 
spacing of the grains of about 1 µm, too.  
In the measurements of Scholz et al. (2010) the stick insects showed quite lower 
adhesion forces on all different rough surfaces compared to the adhesion forces 
measured in this thesis and the stick insects without claws performed only adhesion 
forces higher than their body weight on the completely smooth substrate. This suggests 
that the arolia could not conform to any polishing paper (Scholz et al. 2010). During the 
vertical adhesion force measurements carried out in this thesis, in which presumably 
only very low friction occurred, adhesion forces of up to the 5.48 fold of the weight of 
the stick insect could be measured. This suggests that the arolia could conform to the 
polishing papers used in this thesis. The polishing papers P2000, with a grain size of 
about 10.3 µm, and P4000 with a grain size of about 3 µm, used by Scholz et al. (2010) 
have similar grain sizes as the polishing papers used in this thesis. The difference in 
attachment forces is presumably based in the shape of the grains of the polishing papers. 
The grains of the polishing papers used in this thesis showed less sharp edges than the 
grains of the polishing papers used by Scholz et al. (2010). Besides, the polishing papers 
used in this thesis show less high amplitudes of the roughness than the polishing papers 
used in Scholz et al. (2010) and thus have lower surface areas. Smooth adhesive organs 
as arolia cannot conform to all surface roughnesses, because the surface area of their 
arolia is limited. When the amplitude of the roughness is very high the arolia can only 
conform to the upper part of the asperities, but not to the valleys of the asperities. Thus 
the sharp abrasive grains and the roughness with a higher amplitude of the polishing 
papers used by Scholz et al. (2010) presumably made it more difficult for the arolia to 
conform and to adhere to the polishing papers.  
That in the horizontal adhesion force measurements the stick insects did not show 
lower attachment forces at larger distances from the centre of rotation could imply that 
the airflow acting on the stick insects during the measurements, which is the bigger the 
larger the distance between the stick insect and the centre of rotation is, does not cause 
an earlier detachment of the stick insects at higher distances from the centre of rotation.  
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4.12 Detachment mechanisms of adhesive organs and 
adhesion devices 
The detachment mechanisms identified for C. morosus (chapter 3.6) partly correspond to 
the detachment mechanisms described for hairy adhesive organs (Gorb 2001). But in C. 
morosus in all detachment mechanisms, apart from rotation, the adhesive organs are 
peeled off the substrate, meaning little areas of the adhesive organs were detached one 
after another. For such detachment mechanisms low pulling forces are needed. Which 
type of detachment mechanism is used depends on the position of the tarsus and the 
walking direction (Gorb 2001). The detachment of the adhesive organs of C. morosus 
seems to take place only passively, because in the high speed recordings of the 
detachment processes no sign for an active regulation of the detachment was identified. 
The step-like structure distal from the contact surface of the arolium might help during a 
detachment in distal direction while the arolium is rolled over the step-like structure, 
which might lead to a simplified detachment by leverages. 
Since the adhesion forces of arolia strongly depend on shear forces the decrease in 
the pulling forces acting on arolia just before the detachment of the arolia strongly 
reduces the adhesion forces of the arolium, so that only low forces were needed for their 
detachment (Labonte and Federle 2013). 
Gorb (2008) assumed that the inclination angle of the fibres within the procuticula 
also plays a role during detachment. But, in reference to the adhesion force measured 
centred, the AFDs did not show lower adhesion forces when measured sideways than 
the other adhesion devices. This indicates that the inclination angle of the fibres might 
not simplify the detachment when pulling at one of the sides of the adhesion devices. 
This hypothesis has to be proven in further measurements.  
A detachment mechanism as peeling seems also for adhesion devices to be the easiest 
and the most effortless mechanism of detachment. The NanoForceGripper designed by 
the Festo AG & Co. KG (Esslingen, Germany) shows a possible realisation 
(http://www.festo.com/cms/en_corp/12756.htm). Only for adhesion devices, which are 
loaded about parallel to the surface and not perpendicular it seems to be interesting to 
equip these adhesion devices with shear dependent adhesion forces.  
In the adhesion force measurement of the adhesion devices the sideways attached 
pulling force led to a somehow peeling detachment mechanism and the adhesion devices 
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showed lower adhesion forces when pulled sideways than centred. But it might be 
possible to decrease the forces needed to detach adhesion devices further. Artificial 
adhesion devices mostly show a solid backing layer, which prevents effortless peeling. 
To lift up and detach a small area at the corner of an adhesion device the backing layer 
has to be tilted, resulting in a deformation of the whole adhesion device, which needs 
high forces. Subdividing the backing layer into small subunits would allow a detachment 
of a small area at the corner of the adhesion device without deforming the rest of the 
adhesion device. Thereby, less force would be needed to initiate detachment. Figure 4.1 
shows a design of a holder for an adhesion device, which is intended for a gradual 
detachment of an adhesion device from two sides. During centred loading the subunits 
of the backing layer should interlock with each other so that the pulling force is equally 
distributed over the whole contact area of the adhesion device. During lifting of the sides 
of such mounted adhesion devices at the lower contact points of the subunits of the 
backing layer gabs will occur leading to stress in the adhesion device, but if the adhesion 
device show a high tensile rigidity perpendicular to its contact surface only very small 
movements of the backing layer would be needed to acquire detachment. Bringing such 
a mounted adhesion device into contact, when the sides of the holder are lifted and are 
sunk only then, when the middle of the adhesion device made contact, could improve the 
conformation of the adhesion device to the substrate and could prevent air trapping.  
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Figure 4.1: Holder for adhesion devices intended for effortless peeling form two sides. The 
adhesion device (orange) is connected with a backing layer (light grey), which is subdivided into 
small units. This enables a detachment of the sideways units and the corners of the adhesion 
device (blue arrows) by pulling magnets (PM) without the deformation of the rest of the 
adhesion device. The small units are connected to each other by a flexible membrane (light 
blue). In a centred loading (green arrow) the subunits of the backing layer interlock among each 
other and the pulling force is equally distributed over the whole contact area. Further 
subdivision of the backing layer could further decrease the force needed to initiate detachment.  
 
4.13 Comparison of the adhesion forces of adhesion devices 
The FRDs show adhesion forces, which lay in between the adhesion forces of adhesion 
devices fabricated industrially or by other researchers. The adhesion device fabricated 
by Li et al. (2011) presumably shows lower adhesion forces than the FRDs. 
Unfortunately, the adhesion force per contact area is not denoted in the publication. The 
adhesion forces of the adhesion devices fabricated by Glassmaker et al. (2007) were only 
measured by indentation with a round indenter. Extrapolating the adhesion force 
measured by indentation of maximal 8 mN with a contact area of about 0.926 mm² on a 
contact area of 1 cm² one obtains 0.864 N, which is less than the adhesion forces 
performed by the FRDs. The Gecko®Nanoplast® and the Anti-Rutschpad showed higher 
adhesion forces than the FRDs. This might be different when measuring the adhesion 
forces on rough substrates.  
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In comparison to the adhesion forces of stick insects without the contribution of 
friction the FRDs showed little higher adhesion forces per contact area.  
4.14 Conclusion to the fabrication of artificial adhesion 
devices 
There are three major requirements for adhesion devices: First, they have to be resilient 
to be able to conform to rough substrates. Second, the surface of the adhesion devices 
has to be unsusceptible for wear and contamination. Third, it has to be achieved that the 
contact surface of the adhesion devices is loaded equally to prevent a gradual 
detachment of the adhesion devices, which goes along with low adhesion forces.  
For the first two requirements it seems to be optimal to fabricate adhesion devices 
consisting of a resilient and elastic substructure covered with a preferably thin 
membrane out of a material showing a comparatively high Young´s modulus. It seems to 
be more suitable to fabricate the resilient and elastic substructure out of a very soft gel 
or a foam. A resilient and elastic substructure based on angled fibres seems not to be the 
optimal design for adhesion devices, because adhesion devices might, in most 
application areas, be not loaded in the direction of the fibres, as true for the adhesive 
organs of insects.  
The third requirement seems be achievable by a reinforcement of the substructure 
with perpendicularly orientated very thin fibres showing a very low bending stiffness, so 
that they do not decrease the resiliency of the substructure. Thereby perpendicular 
pulling forces should be directly transferred along the fibres to the contact area of the 
adhesion device leading to a uniform stress distribution in the contact area. Besides, the 
adhesion device should show a high tensile rigidity in perpendicular direction by which 
high deformations and thereby high local stress values in the adhesion devices should be 
prevented.  
There is a trade-off between the first and the third requirement and the thickness of 
adhesion devices. For adhesion on smooth substrates it is valid that the thinner an 
adhesion device is the higher is its adhesion force (personal correspondence with Dipl.-
Ing. Michael Röhrig (Karlsruher Institut für Technologie)), but the thinner an adhesion 
device is the worse it can conform to rough substrates. Besides, the larger the thickness 
of the adhesion device is the more important is its tensile rigidity. This means that 
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adhesion devices should show a certain thickness just enough to conform to the highest 
expected roughness of the substrate and the disadvantage of this thickness has to be 
compensated by a high tensile rigidity.  
Also a certain thickness and a high softness of adhesion devices in the direction 
parallel to their contact surface are needed to enable a gradual detachment mechanism 
comparable to peeling when desired. Thin and inflexible adhesion devices can only be 
detached in one step for which high forces are needed.  
A surface microstructure on the contact surface of adhesion devices in the range of 
micrometres further increases the adhesion force of artificial adhesion devices (Chan et 
al. 2008).  
Generally, the design of artificial adhesion devices should be adjusted to the substrate 
properties, which come upon in a certain application. In most application areas adhesion 
devices presumably have only to conform to smooth substrates or substrates with a very 
low and uniform roughness. In contrast, adhesive organs of insects seem to be optimised 
for the adhesion on plants, which show very different surface microstructures (Gorb and 
Beutel 2001, Gorb 2008). Furthermore, adhesion devices should be optimised either for 
loadings parallel or perpendicular to the substrate. In stick insects a similar division 
seems to be realised into adhesive organs specialised for adhesion (arolia) and adhesive 
organs specialised for friction (euplantulae) (Labonte and Federle 2013). 
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5. Summary 
Adhesive organs enable insects to reversibly adhere to substrates even during rapid 
locomotion. In this process a very fast but reliable change of adhesion and detachment is 
realised. These abilities had aroused high interest by scientists many years ago, trying to 
create artificial reusable adhesion devices. Within the frame of this thesis the detailed 
structures and the functionalites of the adhesive organs of the stick insect Carausius 
morosus were analysed and based on the obtained data artificial adhesion devices were 
constructed and finally validated. 
Initially, the morphology and the ultrastructure of the adhesive organs was analysed 
using SEM, TEM, CLSM, µCT, FIB and light microscopy. By these analyses the detailed 
ultrastructure of the smooth adhesive organs of stick insects, the so called arolia, could 
be revealed. Especially, new insights into the structure of the treelike branching fibres 
within the procuticula were obtained, which support the thin membranous epicuticula 
by which arolia are covered. Presumably, this very thin epicuticula can conform to the 
smallest surface roughnesses and the treelike branching fibres support the epicuticula 
without preventing its flexibility. Due to this design smooth adhesive organs most likely 
can conform to substrates so close, that adhesion forces on the basis of van der Waals 
forces were developed. Beside the smooth arolia also the hairy adhesive organs of C. 
morosus, so called euplantulae, were analysed. The euplantulae show a fibre-reinforced 
foamy ultrastructure, which presumably also enables them to conform to the substrate. 
These morphological and ultrastructural analyses enabled a more detailed 
understanding of the adhesion mechanism of stick insects and formed the basis for the 
development of artificial adhesion devices. 
Several further issues concerning the adhesion of stick insects were analysed in the 
course of this thesis. The measurement of the adhesion forces of stick insects revealed 
that on vertical substrates the friction forces between the adhesive organs and the 
substrate account about 70% of the attachment forces of stick insects. The analysis of 
the contact area of the adhesive organs to a substrate yield that large stick insects 
referred to their body weight adhere with an equally sized contact area on substrates as 
small stick insects. Considering the results of the measurements of the adhesion forces 
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and the contact areas the adhesion forces of the adhesive organs per surface area with 
the contribution of friction (~3.3 N/cm²) and without (~1N/cm²) could be determined.  
The investigation of the detachment mechanisms of the adhesive organs from a 
substrate using high speed recordings yield that stick insects peel their adhesive organs 
passively from the substrate during locomotion. This detachment mechanism also seems 
to be the most appropriate mechanism to detach artificial adhesion devices from 
substrates.  
By the development of a new method for the determination of the Young´s modulus of 
thin and superficial membranes the Young´s modulus of the epicuticula could be 
determined. In this method arolia of stick insects adhering upside down to a latex 
membrane were stretched by stretching the latex membrane. Meanwhile, the elongation 
of the contact area between the arolium and the latex membrane was recorded. The 
observed elongations were analysed using finite element simulations yielding Young´s 
moduli of about 60 MPa. This value is much higher than the values determined or 
assumed for the epicuticula of adhesive organs before.  
Based on these results four construction plans for the fabrication of artificial 
adhesion devices were developed. All construction plans contained an outer, thin, 
flexible and adhesive membrane out of the same material, which was supported by 
different resilient substructures. In the first adhesion device the substructure consisted 
of a silicone foam and in the second adhesion device the substructure was formed by an 
array of parallel fibres, orientated at an angle of 57°. The third adhesion device included 
thin flock fibres, which were orientated about perpendicularly to the adhesive surface of 
the adhesion device and which were infused with a very elastical silicone gel. In the 
fourth adhesion device the substructure was solely made out of the same elastic silicone 
gel, which found a use in the third adhesion device. During the course of this thesis the 
constructional ideas how to fabricate artificial adhesion devices were submitted to the 
Deutsches Patent- und Markenamt.  
To find an appropriate material with high adhesion forces for the construction of the 
membrane the adhesion forces of several polymers were measured. The silicone called 
Skin Tite exposed to be an appropriate material, because it showed high adhesion forces 
on smooth as well as on rough substrates.  
Among the four adhesion devices the one with flock fibres showed the highest 
adhesion force of about 1.25 N/cm², which is a bit higher than the adhesion force of stick 
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insects without the contribution of friction. This high adhesion force seems to be based 
on the reinforcement of the adhesion device with fibres, by which pulling forces are 
uniformly transferred to the contact area of the adhesion device to the substrate. A non-
uniform loading of the contact area easily leads to a local detachment at the area of the 
highest loading, which could lead to a gradual detachment of the whole adhesion device. 
Such a gradual detachment goes along with small adhesion forces.  
The strains and stresses occurring in the adhesion devices during loading were 
analysed using finite element simulations. The simulation of the adhesion device with 
flock fibres confirmed the hypothesis that the flock fibres cause a uniform stress 
distribution in the contact area.  
 Taking into account all results, a new construction plan for the fabrication of artificial 
adhesion devices was developed. According to this plan adhesion devices should be 
covered with a preferably thin membrane with a high Young´s modulus. This membrane 
should be supported by a substructure made of a resilient and elastic foam or gel. 
Besides, the substructure should be reinforced by very thin fibres, which equip the 
adhesion devices with a high tensile strength without reducing the resiliency of the 
substructure. Biomimetic adhesion devices fabricated according to this construction 
plan should show high adhesion forces as well as high resistances against abrasion and 
contamination.  
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6. Zusammenfassung  
 
Haftorgane ermöglichen es Insekten an Oberflächen sogar während schneller 
Fortbewegung reversibel zu haften. Während dieses Prozesses erfolgt ein sehr schneller 
aber verlässlicher Wechsel zwischen Haftung und Ablösung. Diese Fähigkeiten haben 
schon vor vielen Jahren das Interesse von Wissenschaftlern geweckt, die versuchen 
künstliche und wiederverwendbare Haftvorrichtungen zu konstruieren. Im Rahmen 
dieser Arbeit wurden der detaillierte Aufbau und die Funktionsweise der Haftorgane der 
Stabheuschrecke Carausius morosus untersucht und basierend auf den ermittelten Daten 
wurden künstliche Haftvorrichtungen hergestellt und validiert.  
Zunächst wurde die Morphologie und Ultrastruktur der Haftorgane mittels REM, 
TEM, CLSM, µCT, FIB und Lichtmikroskopie untersucht. Durch diese Untersuchungen 
konnte die detaillierte Ultrastruktur der glatten Haftorgane von Stabheuschrecken, der 
sogenannten Arolien, aufgeklärt werden. Vor allem wurden neue Einblicke in die 
Struktur der sich baumförmig verzweigenden Fasern innerhalb der Procuticula erlangt, 
die die membranöse Epicuticula stützen, von der Arolien umhüllt sind. Vermutlich kann 
sich diese sehr dünne Epicuticula an kleinste Unebenheiten anlagern und wird durch die 
baumartig verzweigten Fasern gestützt, ohne dass die Epicuticula in ihrer Flexibilität 
eingeschränkt wird. Durch dieses Design können sich glatte Haftorgane 
höchstwahrscheinlich so dicht an Oberflächen anlagern, dass Haftkräfte auf Basis von 
van der Waals Kräften ausgebildet werden. Neben den glatten Arolien wurden auch die 
haarigen Haftorgane von C. morosus, sogenannte Euplantulae, untersucht. Die 
Euplantulae weisen eine mit faserigen Elementen verstärkte schwammartige 
Ultrastruktur auf, die ihnen vermutlich ebenfalls eine Anpassung an den Untergrund 
ermöglicht. Diese morphologischen und ultrastrukturellen Untersuchungen 
ermöglichten ein näheres Verständnis des Haftmechanismus von Stabheuschrecken und 
bildeten die Grundlage zum Entwurf von künstlichen Haftvorrichtungen.  
Einige weitere Fragestellungen die Haftung von Stabheuschrecken betreffend wurden 
im Rahmen dieser Arbeit untersucht. Die Messung der Haftkräfte von Stabheuschrecken 
ergab, dass auf vertikalen Flächen die Reibungskräfte zwischen den Haftorganen und 
dem Untergrund etwa 70% der Anheftungskräfte von Stabheuschrecken ausmachen. Die 
Untersuchung der Kontaktfläche der Haftorgane zum Untergrund ergab, dass große 
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Stabheuschrecken bezogen auf ihr Gewicht mit gleich großer Kontaktfläche an 
Oberflächen haften wie kleine Stabheuschrecken. Unter Berücksichtigung der 
Ergebnisse der Haftkraftmessungen und der Kontaktflächenvermessungen konnte die 
Haftkraft der Haftorgane pro Flächeninhalt mit dem Beitrag der Reibung (~3,3 N/cm²) 
und ohne (~1N/cm²) bestimmt werden. 
Die Untersuchung des Ablösemechanismus der Haftorgane vom Untergrund mittels 
High Speed Aufnahmen ergab, dass Stabheuschrecken ihre Arolien passiv während der 
Fortbewegung von den Oberflächen abschälen. Dieser Ablösemechanismus scheint auch 
der geeignetste Mechanismus zu sein, um künstliche Haftvorrichtungen vom Untergrund 
abzulösen.  
Durch die Entwicklung einer neuen Methode zur Bestimmung des Elastizitätsmoduls 
von dünnen oberflächlichen Membranen konnte der Elastizitätsmodul der Epicuticula 
bestimmt werden. Bei dieser Methode wurden die Arolien von Stabheuschrecken, die 
kopfüber an einer Latexmembran hafteten, durch eine Dehnung der Latexmembran 
gedehnt. Währenddessen wurde die Dehnung der Kontaktfläche zwischen den Arolien 
und der Latexmembran verfolgt. Die beobachteten Dehnungen wurden mittels Finite 
Elemente Simulationen ausgewertet, welche Elastizitätsmoduln von etwa 60 MPa 
ergaben. Dieser Wert ist deutlich höher als die Werte, die bisher für die Epicuticula von 
Haftorganen bestimmt oder angenommen wurden.  
Auf diesen Ergebnissen basierend wurden vier Konstruktionspläne für die 
Herstellung von künstlichen Haftvorrichtungen entwickelt und entsprechende 
Demonstratoren gebaut. Alle Konstruktionspläne beinhalten eine äußere, dünne, flexible 
und haftende Membran aus einem Silikon, die von unterschiedlichen nachgiebigen 
Trägerschichten gestützt wird. Bei der ersten Haftvorrichtung bestand die nachgiebige 
Trägerschicht aus einem Silikonschaum und bei der zweiten Haftvorrichtung aus einem 
Array aus parallel und in einem Winkel von 57° zur Haftfläche orientieren Fasern. Die 
dritte Haftvorrichtung beinhaltete dünne Flock-Fasern, die etwa senkrecht zur 
Haftfläche der Haftvorrichtung in der Trägerschicht angeordnet waren und deren 
Zwischenräume mit einem äußerst elastischen Silikongel ausgefüllt waren. In der 
vierten Haftvorrichtung bestand die nachgiebige Trägerschicht nur aus dem elastischen 
Silikongel, welches auch in der dritten Haftvorrichtung Verwendung fand. Im Rahmen 
dieser Arbeit wurden die Konstruktionsideen zur Herstellung von künstlichen 
Haftvorrichtungen beim Deutschen Patent- und Markenamt eingereicht.  
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Um ein geeignetes Material mit hohen Haftkräften für die Fertigung der Membran zu 
finden wurden die Haftkräfte von einigen Polymeren vermessen. Das Silikon namens 
Skin Tite stellte sich dabei als ein geeignetes Material heraus, da es hohe Haftkräfte 
sowohl auf glatten als auch auf rauen Oberflächen zeigte.  
Unter den vier Haftvorrichtungen wies diejenige mit Flockfasern die höchste 
Haftkraft von etwa 1,25 N/cm² auf, welche etwas über der Haftkraft der Haftorgane von 
Stabheuschrecken ohne den Einfluss der Reibung liegt. Diese hohen Haftkräfte sind 
vermutlich darin begründet, dass durch die Versteifung der Haftvorrichtung mit Fasern 
Zugkräfte gleichmäßig auf die Kontaktfläche der Haftvorrichtung zum Untergrund 
übertragen werden. Eine ungleichmäßige Belastung der Kontaktfläche führt an der 
Stelle der höchsten Belastung leicht zu einer lokalen Ablösung, was zu einer gesamten 
graduellen Ablösung der Haftvorrichtung führen kann. Eine solche graduelle Ablösung 
geht mit geringen Haftkräften einher.  
Die Spannungen und Dehnungen, die während einer Zugbelastung in den 
Haftvorrichtungen auftreten, wurden mittels Finite Elemente Simulationen untersucht. 
Die Simulation der Haftvorrichtung mit Flockfasern unterstützte die Hypothese, dass die 
Flockfasern eine gleichmäßige Stressverteilung in der Kontaktfläche bewirken.  
Unter der Berücksichtigung aller Ergebnisse wurde ein neuer Konstruktionsplan zur 
Herstellung von künstlichen Haftvorrichtungen entwickelt. Diesem zufolge sollten 
künstlichste Haftvorrichtungen von einer möglichst dünnen Membran mit einem hohen 
Elastizitätsmodul umhüllt sein. Diese Membran sollte durch eine Trägerstruktur aus 
einem nachgiebigen und elastischen Schaum oder einem Gel gestützt werden. Des 
Weiteren sollte die Trägerstruktur mit sehr dünnen senkrechten Fasern versteift 
werden um der Haftvorrichtung eine hohe Zugsteifigkeit zu verleihen ohne dass die 
Nachgiebigkeit der Trägerstruktur eingeschränkt wird. Nach diesem Konstruktionsplan 
gefertigte biomimetische Haftvorrichtungen sollten hohe Haftkräfte sowie hohe 
Resistenzen gegen Verschleiß und Verschmutzung aufweisen.  
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8. Appendix 
 
The morphological measurements were carried out in the images referred to in the 
tables.  
Table 8.1: Measurement of the width of the folds of a critical point dried arolium and of an 
epoxy resin replica of an arolium.  
measurement 
width [µm]                         
CP dried arolium  
(Figure 3.2b) 
width [µm]                                 
epoxy resin replica  
(Figure 3.3b) 
1 1.546 3.164 
2 1.109 2.756 
3 1.42 2.197 
4 1.206 2.429 
5 1.271 1.837 
6 1.27 2.032 
7 1.27 2.529 
8 2.349 2.447 
9 2.349 1.7 
10 1.651 2.931 
11 1.651 2.963 
12 1.651 3.165 
13 1.942 2.661 
14 1.206 2.169 
15 1.779 2.463 
16 1.778 2.266 
17 1.778 1.996 
18 1.545 2.197 
19 2.094 2.501 
20 1.432 2.067 
average 1.61 2.42 
standard deviation 0.36 0.42 
 
Table 8.2: Measurement of the angle between the unbranched principal rods in the procuticula 
and the endocuticula.  
measurement angle [°] (Figure 3.6a) 
1 14.22 
2 18.56 
3 16.06 
4 14.47 
5 17.30 
6 17.22 
7 15.11 
average 16.13 
standard deviation 1.63 
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Table 8.3: Measurement of the angle between the thinnest branches of the principal rods and 
the epicuticula.  
measurement 
angle [°] 
(Figure 3.9a) 
angle [°]                  
(Figure 8.6a,  
see below) 
angle [°]                 
(Figure 8.6b, 
see below) 
1 54.0 55.5 57.8 
2 56.7 55.9 52.1 
3 61.6 60.8 58.5 
4 67.3 54.1 54.0 
5 59.6 54.2 58.5 
6 53.4 52.8 59.1 
average 58.77 55.55 56.66 
standard deviation 5.26 2.81 2.90 
overall average 56.99 
overall standard 
deviation  
3.85 
 
Table 8.4: Measurement of the diameter of the principal rods at their basis at the endocuticula.  
measurement 
diameter [µm]  
(Figure 3.6a) 
1 1.2 
2 0.776 
3 1.118 
4 0.947 
5 1.118 
6 1.043 
7 1.194 
8 0.947 
9 1.043 
10 0.857 
11 0.947 
average 1.017 
standard deviation 0.136 
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Table 8.5: Measurement of the diameter of the thinnest branches of the principal rods 
measured close to the epicuticula.  
measurement 
diameter [nm]  
(Figure 3.9a) 
diameter [nm]  
(Figure 3.9b) 
1 105 103.9 
2 89 96.8 
3 95 80.0 
4 121 96.8 
5 113 93.9 
6 125 111.6 
7 109 108.1 
8 115  
9 119  
10 95  
11 89  
12 107  
13 99  
14 116  
15 132  
16 83  
17 113  
18 84  
19 115  
20 87  
average 105.5 98.7 
standard 
deviation 
14.6 10.5 
overall 
average 
103.8 
overall 
standard 
deviation 
13.8 
 
Table 8.6: Measurement of the overall length of the principal rods including their branches.  
measurement 
length [µm]  
(Figure 3.6a) 
1 69.41 
2 65.402 
3 77.769 
4 73.076 
5 74.147 
6 79.305 
7 72.587 
8 79.593 
9 79.021 
average 74.48 
standard deviation 4.93 
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Table 8.7: Measurement of the thickness of the epicuticula.  
measurement 
thickness [nm] 
(Figure 3.9a) 
thickness [nm] 
(Figure 8.6c, 
 see below) 
thickness [nm] 
(Figure 8.6d,  
see below ) 
1 356 189 152 
2 303 236 174 
3 240 231 195 
4 193 211 202 
5 280 245 176 
6 332 198 235 
7 224 201 235 
8 259 216 229 
9 265 248 189 
10 340 211 162 
11 183 248 157 
12 180 263 157 
13  253 169 
average 262.92 226.92 187.08 
standard 
deviation 
61.41 23.93 30.18 
overall average 224.66 
overall standard 
deviation 
50.47 
 
Table 8.8: Measurement of the diameter of the thinnest branches of the principal rods 
measured in a TEM image.  
measurement 
diameter [nm] 
(Figure 3.10a) 
1 30.888 
2 19.156 
3 19.156 
4 24.23 
5 24.531 
6 20.631 
7 24.23 
8 24.531 
9 27.627 
10 27.627 
average 24.26 
standard deviation 3.83 
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Table 8.9: Measurement of the thickness of the cuticulin layer.   
measurement 
thickness [nm] 
(Figure 3.10a) 
1 26 
2 26 
3 27 
4 25 
5 24 
6 26 
7 26 
8 24 
9 17 
10 21 
average 24.2 
standard deviation 3 
 
Table 8.10: Measurement of the width of the structures assumed as pore channels in the 
epicuticula.  
measurement 
width [nm] 
(Figure 8.6e, 
see below) 
1 22.724 
2 13.635 
3 16.387 
4 20.325 
5 11.852 
6 13.635 
7 14.372 
8 10.364 
9 16.387 
10 9.09 
11 14.797 
average 14.87 
standard deviation 4.027 
 
Table 8.11: Measurement of the thickness of the epicuticula covering the copula-like structures 
distal from the adhesive area of the arolium.  
measurement 
thickness [nm] 
(Figure 3.11c) 
1 679 
2 544 
3 679 
4 645 
5 788 
average 664 
standard deviation 87.38 
8. Appendix 
 
186 
 
Table 8.12: Measurement of the height and the width of the copula-like structures distal from 
the adhesive area of the arolium.  
measurement 
height [µm] 
(Figure 3.11c) 
width [µm] 
(Figure 3.11c) 
1 4.102 4.489 
2 3.618 4.805 
3 3.428 2.817 
4 2.968 3.683 
5 3.901 3.387 
average 3.603 3.836 
standard deviation 0.439 0.811 
 
Table 8.13: Measurement of the diameter of structures assumed as microvilli covering the inner 
surface of the finger-shaped protuberances everting from the epidermis.  
measurement 
diameter [nm] 
(Figure 3.12b) 
1 84 
2 86 
3 75 
4 88 
5 78 
6 67 
7 61 
8 63 
9 56 
10 75 
average 73.3 
standard deviation 11.1 
 
Table 8.14: Measurement of the length of the acanthae.  
measurement 
length [µm] 
(Figure 3.15b) 
1 6.094 
2 6.455 
3 7.575 
4 6.971 
5 7.502 
6 8.062 
7 6.963 
8 7.042 
9 6.268 
10 8.168 
average 7.11 
standard deviation 0.72 
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Table 8.15: Measurement of the diameter of the acanthae at their bases and their tips. 
measurement 
diameter of the 
acanthae at their 
bases [µm] 
(Figure 3.15b) 
diameter of the 
acanthae at their 
bases [µm]             
(Figure 3.20b) 
diameter of the 
acanthae at 
their tips [nm] 
(Figure 3.15b) 
diameter of the 
acanthae at 
their tips [nm] 
(Figure 3.20b) 
1 1.823 1.991 304 590 
2 2.188 1.758 233 578 
3 1.979 1.642 260 546 
4 2.344 1.843 260  
5 1.99  349  
6 1.887  304  
7 2.245  333  
8 1.859  349  
9 2.197  280  
10 2.034  329  
11   215  
average 2.05 1.809 292.36 571.33 
standard 
deviation 
0.18 0.147 46.30 22.74 
overall 
average 
1.984 352.14 
overall 
standard 
deviation 
0.2 125.86 
 
Table 8.16: Measurement of the inner diameter of the canal-like structures leading from the 
epicuticula of the euplantulae inside.  
measurement 
diameter [nm] 
(Figure 3.17b) 
diameter [nm] 
(Figure 3.18a) 
diameter [nm] 
(Figure 3.18b) 
1 996 759 852 
average 869 
standard 
deviation 
119 
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Table 8.17: Length and weight of the stick insects used in the attachment force measurements.  
roughness of the 
substrate 
horizontal 
 measurements 
vertical  
measurements 
length 
[mm] 
weight 
[mg] 
length 
[mm] 
weight 
[mg] 
0.3 µm 22 16.3 22 18.7 
 22 16.2 23 20.6 
 23 24 24 27 
 22 22.1 21 18.9 
 22 24.5 22 17.4 
 
1 µm 24 16.2 21 15.7 
 25 12.7 21 16.2 
 23 15.6 21 18.2 
 21 15.4 22 11.9 
 21 16.5 22 18.6 
 
3 µm 22 24.5 22 18.1 
 23 22.1 23 25.1 
 23 24 22 26 
 22 16.2 22 20.3 
 22 16.3 22 18.6 
 
9 µm 22 18.2 24 19.8 
 23 18.9 20 24.1 
 23 20.4 22 18.2 
 23 19.2 21 19.3 
 23 22 21 10.7 
 
12 µm 22 21.6 22 22.4 
 21 15.8 25 22.2 
 21 9.6 21 13.8 
 21 10.6 22 15.6 
 22 14.1 22 22.5 
 
overall average   22.3 18.1 
overall standard 
deviation 
 1.0 4.2 
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Table 8.18: Attachment forces of stick insects determined in the horizontal measurements on a 
polishing paper with a roughness of 0.3 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration.  
stick insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 620 0.05 64.92 21.48 17.35 
 700 0.05 73.30 27.39 
 
 490 0.07 51.31 18.79 
 
 230 0.13 24.08 7.69 
 
 270 0.14 28.27 11.41 
 
2 400 0.07 41.89 12.52 24.88 
 750 0.05 78.54 31.44 
 
 720 0.04 75.40 23.18 
 
 450 0.12 47.12 27.16 
 
 670 0.06 70.16 30.11 
 
3 426 0.12 44.61 24.34 14.36 
 250 0.07 26.18 4.89 
 
 416 0.09 43.56 17.41 
 
 550 0.06 57.59 20.29 
 
 220 0.09 23.04 4.87 
 
4 400 0.13 41.89 23.25 18.88 
 360 0.14 37.70 20.28 
 
 310 0.14 32.46 15.04 
 
 380 0.1 39.79 16.14 
 
 400 0.11 41.89 19.67 
 
5 207 0.12 21.68 5.75 12.12 
 350 0.09 36.65 12.32 
 
 250 0.14 26.18 9.78 
 
 318 0.14 33.30 15.83 
 
 550 0.05 57.59 16.91 
 
overall average 
    
17.52 
 
 
Figure 8.1: Relation of the distances between the stick insects and the centre of rotation at 
detachment and the attachment forces. Inserted is a linear regression line, which shows a very 
slight trend to higher attachment forces at smaller distances.  
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Table 8.19: Attachment forces of stick insects determined in the horizontal measurements on a 
polishing paper with a roughness of 1.0 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration.  
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 200 0.05 20.94 2.24 11.34 
 315 0.11 32.99 12.20  
 312 0.09 32.67 9.79  
 620 0.03 64.92 12.89  
 500 0.07 52.36 19.56  
2 430 0.12 45.03 24.80 16.54 
 450 0.11 47.12 24.90  
 270 0.1 28.27 8.15  
 380 0.1 39.79 16.14  
 360 0.06 37.70 8.69  
3 270 0.12 28.27 9.78 13.27 
 330 0.11 34.56 13.39  
 390 0.1 40.84 17.00  
 480 0.05 50.26 12.88  
 630 0.03 65.97 13.31  
4 670 0.02 70.16 10.04 12.68 
 290 0.12 30.37 11.28  
 280 0.12 29.32 10.52  
 350 0.07 36.65 9.59  
 810 0.03 84.82 22.00  
5 130 0.03 13.61 0.57 2.80 
 150 0.03 15.71 0.75  
 180 0.04 18.85 1.45  
 270 0.12 28.27 9.78  
 180 0.04 18.85 1.45  
overall 
average 
    11.33 
 
 
Figure 8.2: Relation of the distances between the stick insects and the centre of rotation at 
detachment and the attachment forces. Inserted is a linear regression line, which shows a slight 
trend to lower attachment forces at smaller distances. 
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Table 8.20: Attachment forces of stick insects determined in the horizontal measurements on a 
polishing paper with a roughness of 3 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration. 
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 360 0.09 37.70 13.04 7.39 
 235 0.07 24.61 4.32  
 280 0.06 29.32 5.26  
 260 0.11 27.23 8.31  
 300 0.06 31.42 6.04  
2 650 0.06 68.07 28.34 23.12 
 620 0.05 64.92 21.48  
 444 0.12 46.49 26.44  
 510 0.08 53.41 23.26  
 600 0.04 62.83 16.10  
3 500 0.08 52.36 22.36 17.00 
 380 0.07 39.79 11.30  
 410 0.08 42.93 15.03  
 410 0.1 42.93 18.79  
 560 0.05 58.64 17.53  
4 325 0.13 34.03 15.35 8.09 
 210 0.12 21.99 5.92  
 210 0.14 21.99 6.90  
 260 0.1 27.23 7.56  
 180 0.13 18.85 4.71  
5 225 0.11 23.56 6.22 12.21 
 370 0.08 38.75 12.24  
 290 0.09 30.37 8.46  
 600 0.04 62.83 16.10  
 480 0.07 50.26 18.03  
overall 
average 
    13.56 
 
 
Figure 8.3: Relation of the distances between the stick insects and the centre of rotation at 
detachment and the attachment forces. Inserted is a linear regression line, which shows a very 
slight trend to higher attachment forces at smaller distances. 
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Table 8.21: Attachment forces of stick insects determined in the horizontal measurements on a 
polishing paper with a roughness of 9 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration. 
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 660 0.07 69.11 34.08 23.27 
 400 0.12 41.89 21.46  
 480 0.08 50.26 20.60  
 550 0.03 57.59 10.14  
 620 0.07 64.92 30.08  
2 730 0.04 76.44 23.83 19.92 
 350 0.12 36.65 16.43  
 270 0.13 28.27 10.59  
 660 0.06 69.11 29.21  
 540 0.06 56.55 19.56  
3 600 0.04 62.83 16.10 19.68 
 360 0.12 37.70 17.38  
 380 0.12 39.79 19.37  
 715 0.05 74.87 28.57  
 390 0.1 40.84 17.00  
4 490 0.06 51.31 16.10 14.60 
 590 0.05 61.78 19.46  
 250 0.04 26.18 2.79  
 560 0.06 58.64 21.03  
 390 0.08 40.84 13.60  
5 360 0.12 37.70 17.38 17.96 
 390 0.13 40.84 22.10  
 290 0.09 30.37 8.46  
 530 0.07 55.50 21.98  
 770 0.03 80.63 19.88  
overall 
average 
    19.09 
 
 
Figure 8.4: Relation of the distances between the stick insects and the centre of rotation at 
detachment and the attachment forces. Inserted is a linear regression line, which shows almost 
no trend. 
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Table 8.22: Attachment forces of stick insects determined in the horizontal measurements on a 
polishing paper with a roughness of 12 µm.  rpm=rounds per minute, m=meter, g=gravitational 
acceleration. 
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 500 0.12 52.36 33.53 26.30 
 490 0.11 51.31 29.52  
 470 0.08 49.22 19.75  
 380 0.14 39.79 22.60  
 540 0.08 56.55 26.08  
2 600 0.05 62.83 20.12 14.52 
 425 0.08 44.50 16.15  
 230 0.06 24.08 3.55  
 450 0.11 47.12 24.90  
 420 0.04 43.98 7.89  
3 540 0.04 56.55 13.04 13.65 
 440 0.05 46.08 10.82  
 430 0.09 45.03 18.60  
 300 0.13 31.42 13.08  
 435 0.06 45.55 12.69  
4 370 0.11 38.75 16.83 16.71 
 565 0.07 59.16 24.98  
 270 0.14 28.27 11.41  
 290 0.13 30.37 12.22  
 340 0.14 35.60 18.09  
5 700 0.07 73.30 38.34 22.28 
 390 0.12 40.84 20.40  
 360 0.13 37.70 18.83  
 300 0.14 31.42 14.08  
 940 0.02 98.43 19.75  
overall 
average 
    18.69 
 
 
Figure 8.5: Relation of the distances between the stick insects and the centre of rotation at 
detachment and the attachment forces. Inserted is a linear regression line, which shows a very 
slight trend to lower attachment forces at smaller distances. 
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Table 8.23: Adhesion forces of stick insects determined in the vertical measurements on a 
polishing paper with a roughness of 0.3 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration. 
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 208 0.05 21.78 2.42 2.23 
 250 0.05 26.18 3.49  
 160 0.05 16.75 1.43  
 190 0.05 19.90 2.02  
 180 0.05 18.85 1.81  
2 250 0.05 26.18 3.49 5.46 
 380 0.05 39.79 8.07  
 260 0.05 27.23 3.78  
 314 0.05 32.88 5.51  
 340 0.05 35.60 6.46  
3 237 0.05 24.82 3.14 1.55 
 113 0.05 11.83 0.71  
 190 0.05 19.90 2.02  
 140 0.05 14.66 1.10  
 120 0.05 12.57 0.80  
4 247 0.05 25.87 3.41 6.86 
 330 0.05 34.56 6.09  
 410 0.05 42.93 9.40  
 270 0.05 28.27 4.07  
 450 0.05 47.12 11.32  
5 310 0.05 32.46 5.37 4.77 
 320 0.05 33.51 5.72  
 280 0.05 29.32 4.38  
 203 0.05 21.26 2.30  
 330 0.05 34.56 6.09  
overall 
average 
    4.18 
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Table 8.24: Adhesion forces of stick insects determined in the vertical measurements on a 
polishing paper with a roughness of 1.0 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration. 
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 130 0.05 13.61 0.94 1.53 
 185 0.05 19.37 1.91  
 190 0.05 19.90 2.02  
 170 0.05 17.80 1.62  
 144 0.05 15.08 1.16  
2 200 0.05 20.94 2.24 2.98 
 250 0.05 26.18 3.49  
 280 0.05 29.32 4.38  
 180 0.05 18.85 1.81  
 230 0.05 24.08 2.96  
3 350 0.05 36.65 6.85 6.58 
 380 0.05 39.79 8.07  
 300 0.05 31.42 5.03  
 350 0.05 36.65 6.85  
 330 0.05 34.56 6.09  
4 210 0.05 21.99 2.46 3.04 
 190 0.05 19.90 2.02  
 200 0.05 20.94 2.24  
 190 0.05 19.90 2.02  
 340 0.05 35.60 6.46  
5 180 0.05 18.85 1.81 2.11 
 246 0.05 25.76 3.38  
 143 0.05 14.97 1.14  
 230 0.05 24.08 2.96  
 150 0.05 15.71 1.26  
overall 
average 
    3.25 
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Table 8.25: Adhesion forces of stick insects determined in the vertical measurements on a 
polishing paper with a roughness of 3 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration. 
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 150 0.05 15.71 1.26 2.33 
 160 0.05 16.75 1.43  
 210 0.05 21.99 2.46  
 260 0.05 27.23 3.78  
 220 0.05 23.04 2.71  
2 193 0.05 20.21 2.08 3.60 
 245 0.05 25.66 3.35  
 260 0.05 27.23 3.78  
 280 0.05 29.32 4.38  
 280 0.05 29.32 4.38  
3 280 0.05 29.32 4.38 4.14 
 280 0.05 29.32 4.38  
 247 0.05 25.87 3.41  
 300 0.05 31.42 5.03  
 250 0.05 26.18 3.49  
4 294 0.05 30.79 4.83 5.77 
 360 0.05 37.70 7.24  
 342 0.05 35.81 6.54  
 315 0.05 32.99 5.55  
 290 0.05 30.37 4.70  
5 334 0.05 34.98 6.23 7.03 
 393 0.05 41.15 8.63  
 370 0.05 38.75 7.65  
 360 0.05 37.70 7.24  
 310 0.05 32.46 5.37  
overall 
average 
    4.57 
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Table 8.26: Adhesion forces of stick insects determined in the vertical measurements on a 
polishing paper with a roughness of 9 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration. 
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 370 0.05 38.75 7.65 6.49 
 305 0.05 31.94 5.20  
 340 0.05 35.60 6.46  
 355 0.05 37.17 7.04  
 330 0.05 34.56 6.09  
2 330 0.05 34.56 6.09 5.39 
 302 0.05 31.62 5.10  
 300 0.05 31.42 5.03  
 305 0.05 31.94 5.20  
 315 0.05 32.99 5.55  
3 290 0.05 30.37 4.70 4.51 
 275 0.05 28.80 4.23  
 310 0.05 32.46 5.37  
 275 0.05 28.80 4.23  
 268 0.05 28.06 4.01  
4 375 0.05 39.27 7.86 5.28 
 311 0.05 32.57 5.41  
 222 0.05 23.25 2.75  
 300 0.05 31.42 5.03  
 310 0.05 32.46 5.37  
5 305 0.05 31.94 5.20 5.71 
 340 0.05 35.60 6.46  
 300 0.05 31.42 5.03  
 360 0.05 37.70 7.24  
 288 0.05 30.16 4.64  
overall 
average 
    5.48 
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Table 8.27: Adhesion forces of stick insects determined in the vertical measurements on a 
polishing paper with a roughness of 12 µm. rpm=rounds per minute, m=meter, g=gravitational 
acceleration. 
stick 
insect 
speed of 
rotation 
[rpm] 
distance to the 
centre of rotation 
[m] 
angular 
speed 
(w) 
normalised 
attachment force 
[g] 
average 
 
[g] 
1 304 0.05 31.83 5.17 3.03 
 216 0.05 22.62 2.61  
 230 0.05 24.08 2.96  
 225 0.05 23.56 2.83  
 170 0.05 17.80 1.62  
2 333 0.05 34.87 6.20 6.04 
 284 0.05 29.74 4.51  
 303 0.05 31.73 5.13  
 342 0.05 35.81 6.54  
 374 0.05 39.16 7.82  
3 350 0.05 36.65 6.85 5.77 
 314 0.05 32.88 5.51  
 347 0.05 36.34 6.73  
 280 0.05 29.32 4.38  
 310 0.05 32.46 5.37  
4 308 0.05 32.25 5.30 4.70 
 290 0.05 30.37 4.70  
 280 0.05 29.32 4.38  
 281 0.05 29.43 4.41  
 290 0.05 30.37 4.70  
5 273 0.05 28.59 4.17 3.60 
 280 0.05 29.32 4.38  
 290 0.05 30.37 4.70  
 230 0.05 24.08 2.96  
 180 0.05 18.85 1.81  
overall 
average 
    4.63 
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Table 8.28: Surface areas of the contact areas of all six arolia of six stick insects of different 
weight determined by epi-illumination microscopy.  
weight 
stick 
insect 
[mg] 
contact 
area  
right 
front 
arolium 
[mm²] 
contact 
area 
right 
mid 
arolium 
[mm²] 
contact 
area 
right 
back 
arolium 
[mm²] 
contact 
area 
 left 
front 
arolium 
[mm²] 
contact 
area  
left 
 mid 
arolium 
[mm²] 
contact 
area 
left 
back 
arolium 
[mm²] 
contact 
area  
of 
all 
arolia 
[mm²] 
standard 
deviation 
3.9 0.0030 0.0015 0.0061 0.0030 0.0030 0.0030 0.0197 0.0014 
18 0.0076 0.0151 0.0136 0.0106 0.0121 0.0015 0.0605 0.0045 
19.8 0.0212 0.0136 0.0136 0.0182 0.0151 0.0182 0.0999 0.0028 
33.5 0.0182 0.0212 0.0318 0.0182 0.0227 0.0288 0.1407 0.0052 
88 0.0378 0.0575 0.0711 0.0439 0.0499 0.0439 0.3042 0.0110 
245 0.0393 0.1271 0.1740 0.1483 0.0166 0.1256 0.6311 0.0573 
 
Table 8.29: Weight and length of the stick insects used for the determination of the Young´s 
modulus of the epicuticula terminating the adhesive area of the arolium (see also Backhaus 
2013). 
stick insect 
weight 
[mg] 
length 
[cm] 
1 6.3 2.1 
2 18.7 2.3 
3 9 2.6 
4 8.2 2.7 
5 11.5 2.5 
6 18.4 2.6 
7 18.7 2.7 
8 19 3 
9 17.6 2.1 
10 21 2.2 
average 14.8 2.5 
standard 
deviation 
5.2 0.3 
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Table 8.30: Values inputted for the Young´s modulus of the arolium cuticula in the finite 
element analyses with different cuticula geometries of tensile test transversal one and the 
resulting stretchings of the arolium cuticula. The Young´s moduli in bold resulted in the 
requested percentage elongation of the arolium cuticula. Undeformed gives the length of the 
arolium cuticula in stretching direction before the stretching. Deformed gives the length of the 
arolium cuticula after the stretching and relative gives the value of the elongation in 
micrometre. Elongation gives the percentage stretching of the arolium cuticula in relation to its 
undeformed length. 
tensile test transversal one 
cuticula geometry one 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
25 100.305 123.008 22.702 22.63 
63 100.305 119.424 19.119 19.06 
64 100.305 119.35 19.046 18.99 
425 100.305 109.637 9.332 9.303 
cuticula geometry two 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
0.5 100.305 126.307 26.002 28.91 
1 100.305 124.883 24.576 24.5 
2 100.305 122.68 22.376 22.3 
3.5 100.305 120.254 19.95 19.89 
4 100.305 119.594 19.29 19.23 
4.5 100.305 118.992 18.688 18.63 
12 100.305 113.584 13.28 13.24 
cuticula geometry three 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
5 100.305 124.68 24.375 24.3 
15 100.305 123.016 22.711 22.64 
20 100.305 122.373 22.068 22 
44 100.305 120.016 19.7115 19.65 
51 100.305 119.467 19.1617 19.1 
52 100.305 119.391 19.0867 19.028 
400 100.305 109.77 9.468 9.44 
cuticula geometry four 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
2 100.305 123.139 22.8329 22.76 
6.5 100.305 121.564 21.259 21.19 
10 100.305 120.617 20.3119 20.25 
15 100.305 119.455 19.149 19.09 
15.5 100.305 119.348 19.0424 18.984 
80 100.305 111.562 11.258 11.22 
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Table 8.31: Values inputted for the Young´s modulus of the arolium cuticula in the finite 
element analyses with different cuticula geometries of tensile test transversal two and the 
resulting stretchings of the arolium cuticula. The Young´s moduli in bold resulted in the 
requested percentage elongation of the arolium cuticula. Undeformed gives the length of the 
arolium cuticula in stretching direction before the stretching. Deformed gives the length of the 
arolium cuticula after the stretching and relative gives the value of the elongation in 
micrometre. Elongation gives the percentage stretching of the arolium cuticula in relation to its 
undeformed length.  
tensile test transversal two 
cuticula geometry one 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
425 128.469 143.676 15.206 11.836 
250 128.469 145.445 16.976 13.214 
228 128.469 145.755 17.285 13.455 
225 128.469 145.797 17.329 13.489 
223 128.469 145.828 17.359 13.512 
25 128.469 151.32 22.851 17.787 
cuticula geometry two 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
0.5 128.469 153.432 24.96 19.43 
1.3 128.469 151.89 23.42 18.23 
3 128.469 149.83 21.36 16.63 
6 128.469 147.61 19.14 14.9 
8.4 128.469 146.42 17.95 13.97 
8.7 128.469 146.29 17.83 13.87 
9.9 128.469 145.829 17.36 13.51 
12 128.469 145.142 16.67 12.98 
cuticula geometry three 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
5 128.469 152.226 23.797 18.52 
165 128.469 146.689 18.22 14.18 
200 128.469 146.111 17.643 13.73 
220 128.469 145.818 17.35 13.505 
230 128.469 145.68 17.212 13.397 
400 128.469 143.938 15.468 12.04 
cuticula geometry four 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
2 128.469 149.601 21.13 16.45 
15 128.469 146.829 18.36 14.29 
18 128.469 146.306 17.8369 13.88 
20 128.469 145.974 17.504 13.625 
21 128.469 145.811 17.3427 13.5 
35 128.469 143.822 15.354 11.95 
44 128.469 142.767 14.297 11.13 
50 128.469 142.139 13.67 10.64 
51 128.469 142.039 13.57 10.56 
52 128.469 141.941 13.473 10.49 
80 128.469 139.675 11.2058 8.72 
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Table 8.32: Values inputted for the Young´s modulus of the arolium cuticula in the finite 
element analyses with different cuticula geometries of tensile test transversal three and the 
resulting stretchings of the arolium cuticula. The Young´s moduli in bold resulted in the 
requested percentage elongation of the arolium cuticula. Undeformed gives the length of the 
arolium cuticula in stretching direction before the stretching. Deformed gives the length of the 
arolium cuticula after the stretching and relative gives the value of the elongation in 
micrometre. Elongation gives the percentage stretching of the arolium cuticula in relation to its 
undeformed length. In the analysis using cuticula geometry three the value of 400 MPa did not 
result in a proper deformation of the arolium cuticula.  
tensile test transversal three 
cuticula geometry one 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
425 197.678 214.458 26.78 13.55 
50 197.678 232.444 34.7666 17.587 
45 197.678 233.413 35.7349 18.077 
38 197.678 234.19 36.5127 18.4708 
35 197.678 234.675 36.9971 18.7158 
34 197.678 234.841 37.1631 18.7998 
32 197.678 235.182 37.5039 18.9722 
25 197.678 236.339 38.662 19.558 
cuticula geometry two 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
12 197.678 215.59 17.91 9.06 
3 196.554 230.22 33.66 17.125 
2.1 196.554 232.37 36.37 18.5 
2 196.554 233.26 36.7 18.67 
1.95 196.554 233.435 36.88 18.763 
1.8 196.554 233.96 37.4 19.029 
0.5 197.678 240.188 42.51 21.51 
cuticula geometry three 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
5 196.85 237.422 40.57 20.6 
15 196.85 234.682 37.83 19.22 
20 196.85 233.713 36.86 18.73 
200 196.04 219.294 23.254 11.86 
400 - - - - 
cuticula geometry four 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
2 197.678 234.791 37.11 18.77 
2.5 197.678 234.563 36.89 18.66 
3 197.678 234.358 36.68 18.56 
5 197.678 233.652 35.97 18.2 
80 197.678 220.771 23.093 11.68 
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Table 8.33: Values inputted for the Young´s modulus of the arolium cuticula in the finite 
element analyses with different cuticula geometries of tensile test transversal four and the 
resulting stretchings of the arolium cuticula. The Young´s moduli in bold resulted in the 
requested percentage elongation of the arolium cuticula. Undeformed gives the length of the 
arolium cuticula in stretching direction before the stretching. Deformed gives the length of the 
arolium cuticula after the stretching and relative gives the value of the elongation in 
micrometre. Elongation gives the percentage stretching of the arolium cuticula in relation to its 
undeformed length. 
tensile test transversal four 
cuticula geometry one 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
25 173.512 206.37 32.862 18.94 
362 173.512 192.062 18.55 10.69 
373 173.512 191.855 18.346 10.57 
374 173.512 191.84 18.327 10.562 
425 173.512 190.973 17.46 10.06 
 
cuticula geometry two 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
0.5 173.512 208.984 35.473 20.44 
9.6 173.512 192.562 19.054 10.98 
10.2 173.512 192.102 18.591 10.71 
10.4 173.512 191.957 18.444 10.63 
10.5 173.512 191.883 18.372 10.58 
12 173.512 190.089 17.375 10.01 
 
cuticula geometry three 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
5 173.512 207.41 33.9 19.54 
384 173.512 191.836 18.323 10.56 
400 173.512 191.57 18.059 10.41 
 
cuticula geometry four 
Young´s modulus [MPa] undeformed [µm] deformed [µm] relative [µm] elongation [%] 
2 173.512 203.891 30.379 17.508 
65 173.512 192.418 18.908 10.9 
70 173.512 191.891 18.379 10.59 
71 173.512 191.789 18.278 10.53 
80 173.512 190.918 17.406 10.03 
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Table 8.34: Thickness of the Skin Tite membrane used to determine the Young´s modulus of 
Skin Tite.  
measurement 
thickness of 
the Skin Tite 
membrane 
[µm] 
1 257 
2 238 
3 312 
4 308 
5 278 
6 350 
7 308 
8 350 
9 340 
average 
 
304.5 
standard 
deviation 
37.8 
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Table 8.35: Determination of the Young´s modulus of the latex membrane used in the tensile 
tests (chapter 3.5). N=newton, t0=time of the beginning of the stretching of the membrane. Only 
the values providing a linear trend are shown (modified after Bennemann et al. 2014).  
measurement 
force 
needed to 
extend the 
membrane 
(F) [N] 
cross 
sectional 
area (A) 
[mm²] 
elongation 
of the 
membrane 
(ΔL) [mm] 
length of 
the 
membrane 
at t0 (l0) 
[mm] 
F/A ΔL/ l0 
determined 
Young´s 
modulus 
[MPa] 
1 0.000 2.34 0 40 0 0 
 
 0.053 2.34 1 40 0.022 0.025 
 
 0.133 2.34 2 40 0.057 0.05 
 
 0.216 2.34 3 40 0.092 0.075 
 
 0.281 2.34 4 40 0.120 0.1 
 
 0.358 2.34 5 40 0.153 0.125 
 
 0.420 2.34 6 40 0.180 0.15 
 
 0.477 2.34 7 40 0.204 0.175 
 
 0.547 2.34 8 40 0.234 0.2 1.19 
2 0.000 2.34 0 40 0 0 
 
 0.049 2.34 1 40 0.021 0.025 
 
 0.124 2.34 2 40 0.053 0.05 
 
 0.200 2.34 3 40 0.085 0.075 
 
 0.280 2.34 4 40 0.120 0.1 
 
 0.348 2.34 5 40 0.149 0.125 
 
 0.412 2.34 6 40 0.176 0.15 
 
 0.474 2.34 7 40 0.203 0.175 
 
 0.544 2.34 8 40 0.233 0.2 1.189 
3 0.000 2.34 0 40 0 0 
 
 0.055 2.34 1 40 0.024 0.025 
 
 0.141 2.34 2 40 0.060 0.05 
 
 0.208 2.34 3 40 0.089 0.075 
 
 0.282 2.34 4 40 0.120 0.1 
 
 0.358 2.34 5 40 0.153 0.125 
 
 0.422 2.34 6 40 0.180 0.15 
 
 0.488 2.34 7 40 0.208 0.175 
 
 0.556 2.34 8 40 0.238 0.2 1.2062 
average       1.1953 
standard 
deviation 
   
   0.0076 
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Table 8.36: Determination of the Young´s modulus of Skin Tite. N=newton, t0=time of the 
beginning of the stretching of the membrane.  
measurement 
force 
needed to 
extend the 
membrane 
(F) [N] 
cross 
sectional 
area (A) 
[mm²] 
elongation 
of the 
membrane 
(ΔL) [mm] 
length of 
the 
membrane 
at t0 (l0) 
[mm] 
F/A ΔL/ l0 
determined 
Young´s 
modulus 
[MPa] 
1 0.000 6.1 0 20 0 0  
 0.046 6.1 1 20 0.008 0.05  
 0.106 6.1 2 20 0.017 0.1  
 0.144 6.1 3 20 0.024 0.15  
 0.189 6.1 4 20 0.031 0.2  
 0.221 6.1 5 20 0.036 0.25  
 0.259 6.1 6 20 0.043 0.3  
 0.296 6.1 7 20 0.048 0.35  
 0.334 6.1 8 20 0.055 0.4  
 0.359 6.1 9 20 0.059 0.45  
 0.385 6.1 10 20 0.063 0.5  
 0.411 6.1 11 20 0.067 0.55  
 0.440 6.1 12 20 0.072 0.6 0.1471 
2 0.000 6.1 0 20 0 0  
 0.036 6.1 1 20 0.006 0.05  
 0.093 6.1 2 20 0.015 0.1  
 0.140 6.1 3 20 0.023 0.15  
 0.183 6.1 4 20 0.030 0.2  
 0.218 6.1 5 20 0.036 0.25  
 0.263 6.1 6 20 0.043 0.3  
 0.292 6.1 7 20 0.048 0.35  
 0.327 6.1 8 20 0.054 0.4  
 0.354 6.1 9 20 0.058 0.45  
 0.382 6.1 10 20 0.063 0.5  
 0.410 6.1 11 20 0.067 0.55  
 0.437 6.1 12 20 0.072 0.6 0.1477 
3 0.000 6.1 0 20 0 0  
 0.033 6.1 1 20 0.005 0.05  
 0.089 6.1 2 20 0.015 0.1  
 0.136 6.1 3 20 0.022 0.15  
 0.176 6.1 4 20 0.029 0.2  
 0.216 6.1 5 20 0.035 0.25  
 0.262 6.1 6 20 0.043 0.3  
 0.296 6.1 7 20 0.049 0.35  
 0.329 6.1 8 20 0.054 0.4  
 0.356 6.1 9 20 0.058 0.45  
 0.383 6.1 10 20 0.063 0.5  
 0.408 6.1 11 20 0.067 0.55  
 0.433 6.1 12 20 0.071 0.6 0.1457 
average        0.1468 
standard 
deviation 
      0.0008 
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Table 8.37: Adhesion forces of Formaform samples with different amounts of softening agent 
measured using the adhesion force measurement method one on substrates of different 
roughness. g=gram.  
ratio of 
Formaform and 
softening agent & 
measurement 
adhesion forces [g] measured on following surface roughnesses 
0 µm 0.3 µm 0.5 µm 1 µm 3 µm 9 µm 12 µm 
100:40_1 98.75 54.50 132.55 126.28 53.18 52.58 65.83 
2 119.79 37.71 129.29 131.04 48.82 27.00 64.05 
3 116.63 61.14 123.28 133.20 52.54 57.45 55.39 
4 108.93 84.81 
 
123.98 46.20 24.76 39.02 
average 111.02 59.54 128.37 128.62 50.19 40.45 56.07 
standard deviation 8.11 16.90 3.84 3.67 2.84 14.69 10.61 
100:60_1 143.73 66.32 134.94 101.94 61.86 62.32 62.70 
2 92.64 70.84 102.92 95.74 69.35 62.32 62.47 
3 102.34 62.64 112.93 133.29 70.68 49.54 49.42 
4 109.87 72.26 77.25 115.47 75.47 43.69 66.71 
average 112.14 68.01 107.01 111.61 69.34 54.47 60.32 
standard deviation 19.23 3.80 20.72 14.41 4.88 8.12 6.51 
100:80_1 102.05 83.01 100.41 109.18 46.54 40.61 35.37 
2 90.59 92.07 102.16 137.56 117.76 85.32 28.15 
3 114.35 106.48 108.15 138.59 109.80 26.28 42.88 
4 117.80 81.18 113.66 124.90 99.43 57.67 78.53 
average 106.20 90.68 106.10 127.56 93.38 52.47 46.23 
standard deviation 10.75 10.01 5.23 11.90 27.82 21.98 19.36 
100:100_1 110.59 112.42 97.67 119.77 108.66 52.60 48.51 
2 84.58 105.22 116.79 143.20 95.25 70.42 62.41 
3 78.39 103.48 106.29 135.52 112.60 59.69 62.73 
4 86.71 98.03 125.12 146.30 87.35 59.35 73.65 
average 90.07 104.79 111.47 136.20 100.97 60.52 61.83 
standard deviation 12.24 5.14 10.39 10.27 10.16 6.38 8.92 
100:120_1 68.18 91.73 113.56 119.29 63.10 33.13 47.98 
2 81.68 93.47 122.71 124.55 66.31 31.35 45.41 
3 77.01 87.63 143.18 117.93 69.38 29.29 44.39 
4 
 
68.44 137.40 103.71 69.63 37.94 55.10 
average 75.62 85.32 129.22 116.37 67.10 32.93 48.22 
standard deviation 5.60 9.97 11.72 7.72 2.66 3.20 4.18 
100:140_1 59.14 97.15 117.52 121.13 123.59 71.89 71.19 
2 89.96 76.06 122.83 125.32 118.17 64.60 73.91 
3 95.05 83.01 130.16 107.30 129.96 70.96 51.33 
4 87.68 85.59 138.06 109.91 111.51 51.75 72.94 
average 82.96 85.45 127.14 115.92 120.81 64.80 67.34 
standard deviation 14.01 7.60 7.74 7.51 6.80 8.04 9.30 
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Table 8.38: Adhesion forces of Formaform samples mixed in a ratio of 100:40 with softening 
agent showing the surface microstructure of a diffraction grating measured on substrates of 
different roughnesses using the adhesion force measurement method one. g=gram (data 
compiled by Balazs Hejj).  
measurement 
adhesion forces [g] measured on following surface roughnesses 
0 µm 0.3 µm 0.5 µm 1 µm 3 µm 9 µm 12 µm 
1 64.44 139.47 126.77 67.36 36.86 61.91 50.53 
2 81.85 91.94 76.68 72.59 89.59 72.88 68.41 
3 84.37 129.62 76.10 96.74 68.02 86.65 48.41 
4 111.45 94.62 94.99 101.81 79.11 70.40 78.17 
average 85.53 113.91 93.64 84.62 68.40 72.96 61.38 
standard 
deviation 
16.82 20.95 20.58 14.87 19.74 8.89 12.42 
 
Table 8.39: Adhesion forces of Formaform samples mixed in a ratio of 100:40 with softening 
agent measured with the adhesion force measurement method two using indenters covered 
with polishing papers of different roughness. The measurements were carried out four times on 
three areas. g=gram (modified after Hejj 2011).  
measurement 
adhesion forces [g] measured on following surface roughnesses 
0.3 µm 1 µm 3 µm 9 µm 12 µm 
1a 15.12 23.48 4.60 2.90 15.10 
1b 13.87 26.48 4.25 4.13 15.06 
1c 13.55 26.45 4.53 4.53 16.00 
1d 13.42 27.33 4.67 4.42 15.88 
2a 12.59 13.77 4.51 5.95 5.31 
2b 12.54 15.02 5.00 8.35 5.93 
2c 12.48 16.42 5.15 7.52 6.89 
2d 12.54 17.24 5.57 8.35 7.34 
3a 9.86 13.76 3.99 4.68 4.58 
3b 9.37 14.55 4.40 6.32 5.63 
3c 9.93 15.80 4.97 6.46 6.39 
3d 10.06 16.49 5.43 7.55 6.44 
average 12.11 18.90 4.76 5.93 9.21 
standard 
deviation 
1.78 5.14 0.46 1.72 4.51 
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Table 8.40: Adhesion forces of material samples out of Dragon Skin (DS) mixed with different 
amounts of Slacker measured with the second adhesion force measurement method using an 
indenter covered with a smooth glass disc. g=gram.  
measurement 
adhesion force [g] 
DS 0x 
Slacker 
DS 1x 
Slacker 
DS 2x 
Slacker 
DS 3x 
Slacker 
DS 4x 
Slacker 
first 
measurement 
1 2.28 8.22 9.78 6.19 2.63 
2 2.31 8.00 8.40 5.58 2.36 
3 4.95 7.86 9.24 3.75 3.18 
4 1.23 7.94 9.57 3.54 2.38 
5 5.76 7.72 9.22 3.61 1.59 
second 
measurement 
1 8.00 8.06 6.72 3.29 1.74 
2 6.12 8.36 6.74 3.27 1.75 
3 6.38 8.41 7.09 3.37 1.70 
4 3.72 8.04 6.74 3.41 1.83 
5 0.47 8.07 6.75 3.21 1.91 
overall average 3.18 8.03 9.14 5.17 2.72 
standard 
deviation 
1.26 0.15 0.57 1.03 0.34 
 
Table 8.41: Adhesion forces of Dragon Skin samples mixed in a ratio of 1:1:1 with Slacker (part 
A: part B: softening agent) measured with the adhesion force measurement method two using 
indenters covered with polishing papers of different roughness. The measurements were carried 
out four times on three areas. g=gram (modified after Hejj 2011).  
 
measurement 
adhesion forces [g] measured on following surface roughnesses 
0.3 µm 1 µm 3 µm 9 µm 12 µm 
1a 11.91 12.18 14.03 10.19 11.85 
1b 10.36 10.52 12.03 9.48 10.51 
1c 9.76 10.03 10.82 9.09 10.06 
1d 9.72 9.70 10.46 8.88 9.76 
2a 9.26 10.22 11.57 8.95 9.75 
2b 9.11 9.72 10.87 8.82 9.33 
2c 9.27 9.49 10.10 8.78 9.23 
2d 9.31 9.31 10.03 8.75 9.05 
3a 7.81 9.41 10.36 8.70 9.10 
3b 7.81 9.28 9.64 8.79 8.99 
3c 7.88 9.21 9.65 8.71 8.87 
3d 7.91 9.16 9.37 8.60 8.81 
average 9.18 9.85 10.75 8.98 9.61 
standard 
deviation 
1.18 0.81 1.25 0.43 0.84 
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Table 8.42: Adhesion forces of Dragon Skin samples mixed in a ratio of 1:1:2 with Slacker (part 
A: part B: softening agent) measured with the adhesion force measurement method two using 
indenters covered with polishing papers of different roughness. The measurements were carried 
out four times on three areas. g=gram (modified after Hejj 2011).   
measurement 
adhesion forces [g] measured on following surface roughnesses 
0.3 µm 1 µm 3 µm 9 µm 12 µm 
1a 7.48 10.87 11.28 9.58 9.40 
1b 7.25 8.69 8.35 8.49 8.54 
1c 6.68 8.05 7.20 7.88 8.35 
1d 6.53 7.30 6.75 7.59 7.80 
2a 7.69 8.91 7.15 8.31 9.27 
2b 8.12 8.29 6.72 7.63 8.23 
2c 7.05 7.41 6.49 7.11 7.68 
2d 6.97 7.29 6.45 7.15 7.39 
3a 7.64 8.86 6.96 7.82 8.93 
3b 7.48 8.11 6.65 7.46 8.10 
3c 6.91 7.55 6.46 7.16 7.43 
3d 6.62 7.30 6.33 6.93 7.02 
average 7.20 8.22 7.23 7.76 8.18 
standard deviation 0.47 0.99 1.33 0.71 0.73 
 
Table 8.43: Adhesion forces of PDMS samples measured with the adhesion force measurement 
method two using indenters covered with polishing papers of different roughness. The 
measurements were carried out four times on three areas. g=gram (modified after Hejj 2011).   
measurement 
adhesion forces [g] measured on following surface roughnesses 
0.3 µm 1 µm 3 µm 9 µm 12 µm 
1a 37.04 3.51 0.48 0.00 0.00 
1b 36.57 3.50 0.40 0.00 0.00 
1c 36.03 3.74 0.32 0.00 0.00 
1d 35.89 3.82 0.23 0.00 0.00 
2a 21.53 2.57 0.01 0.00 0.00 
2b 21.39 2.35 0.01 0.00 0.00 
2c 20.92 2.85 0.01 0.00 0.00 
2d 19.39 3.10 0.01 0.00 0.00 
3a 26.44 4.47 0.17 0.00 0.00 
3b 26.39 4.36 0.09 0.00 0.00 
3c 27.70 4.68 0.10 0.00 0.00 
3d 26.40 4.70 0.12 0.00 0.00 
average 27.97 3.64 0.16 0.00 0.00 
standard deviation 6.45 0.77 0.16 0.00 0.00 
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Table 8.44: Adhesion forces of PDMS samples showing the surface microstructure of a 
diffraction grating measured with the adhesion force measurement method two using indenters 
covered with polishing papers of different roughness. The measurements were carried out four 
times on three areas. g=gram (modified after Hejj 2011).   
measurement 
adhesion forces [g] measured on following surface roughnesses 
0.3 µm 1 µm 3 µm 9 µm 12 µm 
1a 40.61 16.06 4.58 0.00 0.00 
1b 38.35 16.68 4.47 0.00 0.00 
1c 37.40 16.99 4.37 0.00 0.00 
1d 35.71 16.02 3.89 0.00 0.00 
2a 36.12 11.86 2.07 0.00 0.00 
2b 36.37 12.02 2.13 0.00 0.00 
2c 36.58 12.42 2.36 0.00 0.00 
2d 36.58 11.95 2.43 0.00 0.00 
3a 38.35 13.12 2.85 0.00 0.00 
3b 38.49 13.96 2.56 0.00 0.00 
3c 38.35 14.17 3.08 0.00 0.00 
3d 38.06 13.83 3.16 0.00 0.00 
average 37.58 14.09 3.16 0.00 0.00 
standard 
deviation 
1.33 1.83 0.89 0.00 0.00 
 
Table 8.45: Adhesion forces of smooth and structured PDMS samples measured with the second 
adhesion force measurement method using indenters equipped with a smooth glass ball. 
g=gram. 
surface 
microstructure/ 
measurement 
adhesion force of 
smooth PDMS 
 
[g] 
adhesion force of 
structured PDMS 
(diffraction grating) 
[g] 
adhesion force of 
structured PDMS 
(spectral foil) 
[g] 
1 0.0027 0.0238 0.0332 
2 0.0018 0.0338 0.0397 
3 0.0028 0.0387 0.0313 
4 0.0030 0.0198 0.0331 
5 0.0039 0.0275 0.0403 
average 0.0028 0.0287 0.0355 
standard deviation 0.0006 0.0062 0.0034 
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Table 8.46: Adhesion forces of PDMS samples measured with the second adhesion force 
measurement method using indenters covered with polishing paper of different roughness. The 
measurements were carried out ten times on one area. g=gram (modified after Hejj 2011).   
measurement 
adhesion forces [g] measured on following surface roughnesses 
0.3 µm 1 µm 3 µm 9 µm 12 µm 
1 30.58 5.93 0.43 0.00 0.00 
2 30.25 6.03 0.30 0.00 0.00 
3 27.97 6.01 0.31 0.00 0.00 
4 29.23 6.10 0.27 0.00 0.00 
5 30.97 6.23 0.27 0.00 0.00 
6 29.13 6.46 0.32 0.00 0.00 
7 30.10 6.36 0.29 0.00 0.00 
8 30.14 6.44 0.33 0.00 0.00 
9 30.72 6.31 0.30 0.00 0.00 
10 28.35 6.46 0.33 0.00 0.00 
average 29.74 6.23 0.31 0.00 0.00 
standard deviation 0.97 0.19 0.04 0.00 0.00 
 
Table 8.47: Adhesion forces of an Anti-Rutsch-Pad measured with the second adhesion force 
measurement method using indenters covered with polishing paper of different roughness. The 
measurements were carried out ten times on one area. g=gram (modified after Hejj 2011).   
measurement 
adhesion forces [g] measured on following surface roughnesses 
0.3 µm 1 µm 3 µm 9 µm 12 µm 
1 48.70 23.74 19.91 0.73 5.76 
2 50.72 25.23 21.10 0.35 5.14 
3 51.64 26.77 21.10 0.43 6.17 
4 52.36 27.56 21.44 0.31 6.76 
5 53.00 28.19 21.83 0.41 6.99 
6 53.84 27.74 22.12 0.45 7.27 
7 54.51 28.17 22.52 0.41 7.11 
8 54.53 27.83 21.66 0.40 7.23 
9 55.30 29.25 21.51 0.43 7.83 
10 55.88 29.52 21.84 0.43 8.17 
average 53.05 27.40 21.50 0.43 6.84 
standard deviation 2.12 1.67 0.67 0.11 0.88 
 
 
 
 
 
 
 
 
 
 
 
8. Appendix 
 
213 
 
Table 8.48: Adhesion force of Skin Tite samples measured with the second adhesion force 
measurement method using indenters covered with polishing paper of different roughness. The 
measurements were carried out four times on three areas. g=gram.   
measurement 
adhesion forces [g] measured on following surface roughnesses 
0.3 µm 1 µm 3 µm 9 µm 12 µm 
1a 12.71 11.69 18.02 11.92 11.65 
1b 12.56 11.59 16.91 12.05 11.40 
1c 12.50 11.47 16.41 11.83 11.54 
1d 12.37 11.36 16.14 12.02 11.52 
2a 8.30 11.61 14.50 9.30 10.83 
2b 8.36 11.72 14.69 9.51 10.70 
2c 8.21 11.79 14.31 9.41 11.01 
2d 8.35 11.90 14.21 9.41 11.13 
3a 11.69 13.57 12.38 9.61 9.72 
3b 11.72 13.98 13.00 9.87 9.90 
3c 11.57 14.10 13.68 10.16 9.86 
3d 11.48 14.17 13.68 9.72 10.05 
average 10.82 12.41 14.83 10.40 10.78 
standard 
deviation 
1.82 1.10 1.62 1.12 0.69 
 
Table 8.49: Diameter of the pores in the foamy adhesion devices.  
measurement diameter foam pores [mm] measurement diameter [mm] 
1 0.936 12 0.535 
2 1.043 13 0.402 
3 0.615 14 0.882 
4 1.016 15 0.509 
5 0.748 16 0.484 
6 0.856 17 0.855 
7 0.669 18 0.562 
8 0.669 19 0.481 
9 0.508 20 0.348 
10 0.509 21 0.349 
11 1.149   
average 0.673 
standard 
deviation 
0.233 
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Table 8.50: Adhesion forces of the foamy adhesion devices. g=gram.  
adhesion 
device 
adhesion 
force: foamy 
adhesion 
device 1 [g] 
adhesion 
force: foamy 
adhesion 
device 2 [g] 
adhesion 
force: foamy 
adhesion 
device 3 [g] 
adhesion 
force: foamy 
adhesion 
device 4 [g] 
adhesion 
force: foamy 
adhesion 
device 5 [g] 
attachment 
of the 
pulling 
force c
e
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d
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s 
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d
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s 
ce
n
tr
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e
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d
e
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s 
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n
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e
d
 
si
d
e
w
a
y
s 
1 135 35 155 20 285 35 170 30 230 45 
2 110 30 155 35 310 40 110 25 200 25 
3 140 35 100 25 220 25 100 25 215 30 
4 125 35 165 30 170 35 65 25 170 35 
5 130 35 215 30 245 30 50 20 190 25 
average 128 34 158 28 246 33 99 25 201 32 
standard 
deviation 
9.4 1.8 33.4 4.7 44.9 4.7 38.1 2.9 18.8 6.8 
overall average centred  166.4 
overall standard deviation centred  30.4 
overall average sideways 61.1 
overall standard deviation sideways  5.6 
 
Table 8.51: Adhesion forces of the adhesion devices containing angled fibres. g=gram. 
adhesion device 
adhesion force of the adhesion 
device 1 containing angled fibres 
[g] 
adhesion force of the adhesion 
device 2 containing angled fibres 
[g] 
attachment of the 
pulling force 
centred 
blunt 
edge 
sharp 
edge 
centred 
blunt 
edge 
sharp 
edge 
1 420 265 60 260 315 105 
2 455 245 150 320 265 125 
3 450 230 130 345 275 165 
4 345 255 150 320 225 170 
5 380 225 70 365 255 75 
average 410 244 112 322 267 128 
standard 
deviation 
42.1 15.0 39.2 35.3 29.3 36 
overall average centred 366 
overall standard deviation centred 58.7 
overall average blunt edge 255.5 
overall standard deviation blunt edge 25.9 
overall average sharp edge 120 
overall standard deviation sharp edge 38.5 
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Table 8.52: Adhesion forces of the adhesion devices containing flock fibres. g=gram. 
adhesion 
device 
adhesion force: 
flock adhesion 
device 1 [g] 
adhesion force: 
flock adhesion 
device 2 [g] 
adhesion force:  
flock adhesion 
device 3 [g] 
adhesion force: 
flock adhesion 
device 4 [g] 
attachment 
of the 
pulling 
force c
e
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w
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1 395 220 1040 315 860 310 1060 165 
2 625 425 870 250 835 285 1090 165 
3 1385 510 845 305 1215 275 1310 185 
4 1140 635 1115 335 805 295 1060 135 
5 1555 400 1085 250 1300 265 1155 160 
6 1960 325 1015 310 1225 270 1620 145 
7 1955 260 870 
 
930 290 1530 
 
average 1287.9 396.4 977.1 294.2 1024.3 284.3 1260.7 159.2 
standard 
deviation 
565.2 133.9 104.5 32.6 197.3 14.5 215.4 15.9 
overall average centred 1137.5 
overall standard deviation centred 350.7 
overall average sideways 287.9 
overall standard deviation sideways 110.4 
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Table 8.53: Adhesion forces of the adhesion devices containing silicone gel. g=gram. In the 
sideways measurements a first peak in adhesion force was measured followed by a low point 
and a second peak in the adhesion force. 
adhesion 
device 
adhesion force of 
adhesion device 1 
containing 
silicone gel [g] 
adhesion force of 
adhesion device 2 
containing 
silicone gel [g] 
adhesion force of 
adhesion device 3 
containing 
silicone gel [g] 
adhesion force of 
adhesion device 4 
containing 
silicone gel [g] 
attachment 
of the 
pulling 
force c
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 p
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 p
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1 465 110 130 415 60 60 435 70 0 515 100 90 
2 400 60 60 300 60 90 410 60 0 540 100 100 
3 425 70 70 300 60 60 405 80 20 535 120 120 
4 475 70 100 315 70 100 375 90 0 560 110 120 
5 560 90 120 300 80 120 420 110 0 555 90 120 
6 410 80 110 285 70 120 300 70 0 575 100 100 
7 
    
70 110 
   
510 
  
average 455.8 80.0 98.3 319.2 67.1 94.3 390.8 80.0 3.3 541.4 103.3 108.3 
standard 
deviation 
54.0 16.3 25.4 43.7 7.0 23.8 44.5 16.3 7.5 22.0 9.4 12.1 
overall average centred 431.4 
overall standard deviation centred 93.4 
overall average first peak 82.0 
overall standard deviation first peak 18.3 
overall average centred second peak 76.8 
overall standard deviation second peak 45.8 
 
Table 8.54: Adhesion forces of a 2 mm thick Skin Tite layer, an Anti-Rutsch-Pad and a 
Gecko®Nanoplast®. g=gram. 
adhesion device 
adhesion force of an 
2 mm thick Skin Tite 
layer [g] 
adhesion force of an 
Anti-Rutsch-Pad (3M) 
[g] 
adhesion force of 
Gecko®Nanoplast® 
[g] 
attachment of the 
pulling force 
centred sideways centred sideways centred sideways 
1 570 215 13090 900 2105 640 
2 585 205 10870 625 2225 600 
3 550 200 11320 1395 2200 540 
4 550 200 7355 
 
1990 480 
5 495 185 7460 
 
1285 480 
average 550.0 201.0 10019.0 973.3 1961.0 548.0 
standard 
deviation 
30.5 9.7 2258.0 318.6 348.0 64.0 
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Figure 8.6: Further images used for morphological measurements. a – d SEM images of semi-
thin longitudinal sections through an arolium from which the epoxy resin was etched off. The 
finest branches of the principal rods in the procuticula and their connection to the adjacent 
epicuticula can be seen. e TEM image showing the ultrastructure of the epicuticula and the 
cuticulin layer. Fibrous and spirally structures connecting the procuticula with the cuticulin 
layer can be seen. Scale bars: a=4 µm, b=4 µm, c=2 µm, d=2 µm, e=500 nm. 
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